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Abstract iv
A b str a ct
This thesis presents the design, synthesis and characterization of a range of new 
interlocked molecular machines based on bis(pyridinium)ethane and benzylanilinium/24- 
crown-8 macrocycle recognition motifs. Chapter 1 introduces the concept of molecular 
machines with definitions and representative examples of existing systems found 
throughout the literature.
In Chapter 2, a new type of molecular machine coined a mechanical “Flip-Switch” 
is described. These compounds consist of a single recognition site where the two ends of 
the molecule are different. The chapter begins by providing evidence for the existence of 
two different states, continues with the presentation of a method for determining the 
preferred co-conformation in an unsymmetric scenario and ends by showing the manner 
in which the ratio can be biased using solvents of various polarities. Solid state and 
solution data show that the preferred co-conformation of the flip-switches is that which 
has the naphtho ring of the crown ether over the dipyridinium ring of the thread.
Chapter 3 presents an electronically controlled molecular switch involving a
l,2-bis[(A,A-dimethylaminophenyl)pyridinium]ethane thread and dibenzo-24-crown-8 
ether macrocycle. The threading and unthreading (ON/OFF) of the pseudorotaxane 
complex is controlled by pH through an intramolecular charge transfer. A five-fold 
increase in association constant (Kassoc) is observed from the ON to the OFF scenario.
Chapter 4 describes a new recognition site for 24-crown-8 macrocycle, N- 
benzylanilinium, which is an amalgamation of two well-established recognition sites: 1,2- 
bis(pyridinium)ethane and dibenzylammonium. Solution, solid state and gas phase 
evidence is presented that demonstrates the hybrid nature of this new motif.
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Chapter 5 describes incorporation of 1,2-bis(pyridinium)ethane and N- 
benzylanilinium recognition sites into two different [2]rotaxane molecular shuttles. 
Results indicate that the crown ether resides exclusively on the bis(pyridinium)ethane site 
when the thread is unprotonated, regardless of the solvent. Protonation of the [2]rotaxanes 
in a acetonitrile (a polar solvent) results in shuttling of the crown ether between the two 
sites in ratios of 3:1 (for the first rotaxane) and 9:1 (for the second rotaxane). In 
dicholormethane (a non-polar solvent), both [2]rotaxanes show complete bistability.
Synthetic modification and incorporation of the two recognition sites, 1,2- 
bis(pyridinium)ethane and jV-benzylanilinium, into a [2]catenane circumrotational shuttle 
is discussed in Chapter 6.
Chapter 7 illustrates the concept of integrating molecular shuttles comprised of the 
bis(pyridinium)ethane and iV-benzylanilinium recognition sites with 24-crown-8 
macrocycles into functional materials. Rotaxanes synthesized to this end are presented 
and characterized.
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CHAPTER 1
Molecular Machines
1.1 In t r o d u c t io n
Interest in molecular machines was prompted by Feynman’s famous speech 
“There’s Plenty of Room at the Bottom” where he suggested the possibility of directly 
manipulating and controlling individual atoms. His talk inspired the “Bottom-Up 
Approach” to nanotechnology whereby molecular devices and machines are constructed 
molecule-by-molecule to make individual components which are then connected together 
to make more complex systems. Today, the design and synthesis of nanoscale species that 
are capable of controlled mechanical motions is the focus of research groups worldwide.
In the macroscopic world, a device is something designed for a particular purpose 
and a machine is a device that consists of interrelated parts that work together to achieve a 
particular function.1 In molecular terms, a device consists of a number of discrete 
molecular entities designed to perform a particular function. A molecular machine is a 
type of molecular device where the component parts move relative to one another as the 
result of an external stimulus.2
Today, the literature describes many systems that behave as molecular devices and 
machines whose inspirations are found in their macroscopic counterparts. As with 
macroscopic machines, an energy input is required to give rise to a measurable output. 
The energy input can be thermal, chemical, electrochemical or photochemical. The output
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Molecular Machines 2
can be any type of measurable signal. The types of mechanical motions can be divided 
into six groups:
1. Spontaneous
2. Opening, Closing and Translocation
3. Rotary
4. Threading/Dethreading
5. Linear
6. Circumrotational
The feature that makes these molecular motions significant is that they all describe a
motion with a particular direction. The motors in a molecular machine consist of a
stationary part and a mobile part. The movement of the mobile part with respect to the 
stationary part describes the work performed by the motor. Work is defined as the amount 
of force required to induce a displacement in a particular direction.1
The molecular systems described in this introductory chapter are only
representative examples of what is available in the literature.
1.2 Spo n t a n e o u s  M o tio n
Molecular machines that move spontaneously are influenced by Brownian motion. 
Brownian motion is the random movement of particles that result from the bombardment 
of molecules by the liquid or gas medium. Some machines that are included under this 
heading are gears,3, 4 turnstiles,5 brakes,6’ 7 ratchets,8 and gyroscopes.9'13 Spontaneous 
motion occurs in all molecules, such as rotation about a carbon-carbon single bond. 
Examination of a simple molecular gyroscope illustrates what is meant by spontaneous
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motion. In this example, an alkyne-aryl-alkyne axle, the rotor (shown in red), is encased
Figure 1.1 -  Nanoscopic gyroscope designed by Garcia-Garibay et al.
The authors suggested that when R = F, the difluorobenzene unit should be able to re­
orient freely since it is sterically shielded from contact with other molecules in the 
environment. Calculations using the AMI method predicted that rotation about the 
triptycyl-alkyne and aryl-alkyne bond (i.e. the axle) is essentially frictionless. In solution, 
'l l  NMR experiments showed the compound with R = H has three-fold symmetry for the 
triptycyl framework and two-fold symmetry for the 1,4-phenylene ring in the middle 
suggesting free rotation about the aryl-alkyne single bonds. Unfortunately, interdigitation 
of adjacent molecules in the solid state prevents free rotation of the central axle. The 
authors suggest that with the addition of bulky groups in key positions on the framework, 
interdigitation may be prevented allowing the internal rod to rotate freely. Although 
movement in this system is not really in a specific direction, it is still considered a
by a rigid triptycyl framework, referred to as the stator (shown in blue) (Figure 1.1).10
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molecular device since the axle is rotating freely with respect to the “stationary” triptycyl 
stator.
1.3 O p e n in g , C l o s in g  a n d  T r a n s l o c a t io n
Molecular systems categorized by opening, closing and translocation movements 
cover a very broad area of molecular motors and devices. This category is based on 
structural changes to a molecular system as the result of a chemical input that cause a 
molecule to open, close or transport another molecule. These are functions related to 
recognition, assembly/disassembly, transport, catalysis and signal transfer. Typical 
molecular machines that may be categorized here would be: allosteric systems,14'16
17 18 70tweezers and ion channels. ' Allosteric systems are characterized by a binding event 
at one part of the molecule that causes a conformational change in another part of the
Figure 1.2 -  Negative allosteric hydrogen bonding receptor for uracil studied by 
Branda et al.
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molecule. Conformational change at the second site may enhance (positive allostery) or 
impair (negative allostery) binding of a second substrate at this site. An elegant example 
of negative allostery was demonstrated by Branda and coworkers using the compound 
shown in Figure 1.2.16 In this example, the molecule is a receptor for imide guests, such 
as uracil. Addition of Cu(I) causes the bipyridine arms to come together forming metal- 
ligand coordination bonds. This rearrangement destroys the hydrogen bonding surface for 
the guest, thus displacing the uracil. Removal of the Cu(I) restores the receptor to its 
original conformation and hence its uracil binding affinity.
1.4 R o t a r y  M o t io n
Rotary machines are distinguished by repetitive rotation in one direction due to 
the input of an external stimulus. A system which achieves 360° unidirectional rotation 
has been described by Feringa et al. consisting of a sterically overcrowded alkene which
Me. ho = 365 mu -► Me.
stable form 
2’(R)-(M)-trans
A = 60°C
less stable form 
2'(R)-(P)-cis
IA = 60°C
Me, Me,
ho = 365 nm
less stable form 
2'(R)-(P)-trans
stable form 
2'(R)-(M)-cis
Figure 1.3 -  Unidirectional molecular rotor designed by Feringa et al.
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results in the helical arrangement of the fused arene rings.21'23 The chiral groups are 
essential for the observed unidirectional rotation and dictate whether clockwise or 
counterclockwise rotation is observed. The 360° rotation is achieved by two cis-trans 
photoisomerizations and two thermal controlled helicity inversions. A schematic of 
events is given in Figure 1.3.22
1.5 T h r e a d in g  a n d  D e t h r e a d in g  o f  P s e u d o r o t a x a n e s
Threading and dethreading movements specifically refer to supramolecular 
complexes called pseudorotaxanes. These complexes are composed of a m inim um  of two 
distinct components: a linear molecule, referred to as the thread, and a ring whose cavity 
is large enough to allow the thread to penetrate (Figure 1.4). Design of these host-guest 
systems requires that interactions exist between the two components that encourage their 
complexation. Pseudorotaxanes are formed under thermodynamic control and are driven 
by one or a combination of weak non-covalent interactions that define supramolecular 
complexes: hydrophobic interactions, electrostatic interactions (ion-ion, ion-dipole, 
dipole-dipole), hydrogen bonding, n-Ji stacking (face-to-face and edge-to face), metal 
coordination and van der Waals forces. To reverse the threading process, the non-covalent 
forces holding the complex together must be disrupted. This can be accomplished using 
chemical, photochemical or electrochemical stimuli.
Figure 1.4 -  Illustration of complexed [2] pseudo rotaxane and its uncomplexed 
components.
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The complexation/decomplexation of the pseudorotaxane shown in Figure 1.5 is 
chemically controlled using acid and base. Pseudorotaxane formation only occurs when 
the amine group on the thread is protonated. Complexation is driven by strong N 7 T O  
hydrogen bonding interactions between the amine hydrogen atoms of the thread and the 
oxygen atoms of the ring. This particular system is interesting not only for the 
threading/dethreading aspect, but also due to the energy transfer that occurs when the 
pseudorotaxane is intact. The binaphthyl unit on the crown ether absorbs light at 241 nm, 
282 nm and 336 nm and fluoresces at 370 nm. Conversely, the anthracenyl unit on the 
thread absorbs light at 372 nm and fluoresces at 423 nm. When the anthracenyl thread is 
unprotonated there is no complexation with the crown ether. Irradiation using “k = 282 nm 
results in emission with X.max = 370 nm. Addition of acid results in complexation of the
Figure 1.5 -  Plug and socket pseudorotaxane system investigated by Balzani et al.
Bu3N CF3SO3H
1 f
energy transfer
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thread and crown and irradiation using X = 282 nm results in the quenching of the 370 nm 
emission, but sensitization of emission at 423 nm. Addition of base deprotonates the 
thread causing dethreading and thus excitation of the binaphthyl unit results in the 
reappearance of the binaphthyl fluorescence and disappearance of the anthracenyl
fluorescence 24
Pseudorotaxanes have been exploited in ways other than threading/dethreading of 
a complex. Kim et al. devised a system using cucurbit[8]uril (CB[8]) as the ring and a 
hexamethylene bridged bis(viologen) as the thread, where the switching is 
electrochemically controlled (Figure 1.6).25 In water, hydrophobic interactions between 
the bridging alkyl chain and the inner cavity of CB[8], along with stabilizing ion-dipole 
interactions between the pyridinium nitrogen atoms and the CB[8] oxygen atoms around 
the perimeter of the ring, drive the formation of the pseudorotaxane. Two-electron
H3C— I
o o
HaC—
H3C—
+ 2 e
OOJ*“CHs
r* wLA HjN—C-H
■ h K
Y  -N— C  '
CB[8]
(0%)6
Figure 1.6 - Folding/unfolding pseudorotaxane system demonstrated by Kim et al.
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reduction of the bis(viologen) thread results in two radical cation viologen terminal units. 
Consequently, intramolecular pairing of the radical ions inside the CB[8] ring results in 
the formation of a loop by the thread. Unfolding of the thread back to its linear 
conformation is accomplished by a two-electron oxidation.
1.6 L in e a r  M o v e m e n t s  in  R o t a x a n e s
Rotaxanes are compounds that consist of a linear thread component that is capped on both 
ends with bulky groups and a macrocyclic ring. The ring encircles the thread, as it does in 
a pseudorotaxane, but the bulky capping groups prevent the ring from sliding off the end 
of the thread. In this way, the ring and the capped thread are mechanically linked 
together. Exploitation of this mechanical linkage allows for linear movement of one 
component with respect to the other (Figure 1.7). The nomenclature for such systems 
places the number of mechanically linked components in square brackets in front of the 
word rotaxane: [n]rotaxane. In the example shown in Figure 1.7, a single capped thread 
encircled by one ring is referred to as a [2]rotaxane.
Figure 1.7- [2]Rotaxane showing linear movement of the ring on the thread.
Three methods exist for rotaxane formation: a) threading followed by capping,26
97 98 9Qb) slipping, ’ and c) clipping. All methods require the design to include necessary
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components that are capable of non-covalent interactions to draw together the thread and 
ring entities, an action referred to as “templating”. The threading followed by capping 
method, which is the most widely used, involves forming the pseudorotaxane between the 
thread and ring, followed by covalently attaching bulky capping groups to either end of 
the thread to prevent the ring from dethreading. In the slippage method, the capped thread 
is synthesized first, followed by slipping of the ring over a carefully designed bulky end 
by providing the necessary amount of energy to the system. Clipping also begins with an 
intact capped thread, however an open ‘ring’ associates with the thread and then is closed 
by covalent modification. Each method is represented pictorially in Figure 1.8.
Figure 1.8 -  Illustration of a) threading/capping, b) slipping and c) clipping methods 
for rotaxane formation.
A molecular shuttle is a rotaxane with two or more distinct recognition sites on the 
thread for the ring to occupy (Figure 1.9). Ideally, the ring prefers to reside at one site 
over the other due to stronger, non-covalent interactions. This is, therefore, the most
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stable conformation and is referred to as State 0. External stimulus either destroys the 
interactions at this site or enhances the interactions at the other site, causing the ring to 
‘shuttle’; this is referred to as State 1. Reversing the effects caused by the external 
stimulus should direct the ring to return to its ‘resting state’.
State 0
External 
Stimulus b
External 
Stimulus a
State 1
Figure 1.9 -  Non-degenerate molecular shuttle.
The [2]rotaxane molecular shuttle illustrated in Figure 1.10 is not a typical system
on
as the ring and the thread are covalently linked together. On the thread portion there is a 
phenanthroline binding site and a terpyridine binding site and on the ring portion there is 
a phenanthroline binding site. In the presence of copper®, which templates and 
assembles the supramolecular species, the thread of one molecule penetrates the ring of a 
second molecule, forming a hermaphroditic dimer complex. Bulky capping groups are 
added to prevent dethreading during demetallation of the copper® and remetallation with 
zinc(II). Copper®, which prefers a four coordinate geometry, binds to the phenanthroline 
fragments on the thread and ring. This results in an extended co-conformation that 
stretches -83 A. Treatment with KCN extracts the copper® and addition of Zn(NC>3)2, 
which prefers a five-coordinate geometry, results in the zinc(II) coordinating to the 
phenanthroline on the ring and the terpyridine on the thread. This causes the contraction
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of the whole system to -65 A. The process can be reversed to the extended scenario by 
the addition of excess [Cu(CH3CN)4][PF6]2. The expansion and contraction motion is 
reminiscent of myosin moving along actin filaments in muscles.31
83 A
expanded
65 A
contracted
Figure 1.10 -Molecular muscle system studied by Sauvage et al.
The translational movements in rotaxanes can also be coupled to other properties 
selectively incorporated into the design of the system. One particular area this is likely to 
find application is in digital information processing, which is based on binary digits (1 
and 0) and logic gates.32 Logic gates are the elementary building blocks of digital circuits, 
with the simplest consisting of two inputs and one output. A threshold value is arbitrarily 
set; inputs below the threshold are represented by ‘O’ and inputs above the threshold are 
represented by ‘1’. The three basic logic gates are NOT, AND and OR gates; other logic 
gates can be obtained by using combinations of these three. The NOT gate, also known as
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Molecular Machines 13
an inverter, changes an input of 1 to an output of 0. The AND gate gives an output of 1 
only if both inputs are 1, otherwise the output is 0. The OR gate gives an output of 1 if 
either input or both inputs are 1. The associated truth tables are shown in Figure 1.11.
NOT
In Out
AND
I n ,  I n 2
0 0 
1 0 
0 1 
1 1
Out In,
OR
In, Out
Figure 1.11 -  Truth tables for NOT, AND and OR logic gates.
A half-adder is a combination of an XOR gate and an AND gate that is used to 
add binary numbers. The XOR gate generates the “SUM” digit and the AND gate 
generates the “CARRY” digit (Figure 1.12).
1
+ 1 
1 0
1
+ 0 
0 1
0 
+1 
0 1
0 
+ 0 
0 0
carry sum
AND
in, In, Out
0 0 0 
1 0 0 
0 1 0 
1 1 1
XOR
In, In2 Out
0 0 
1 0 
0 1 
1 1
Figure 1.12 -  Binary addition.
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The rotaxane system depicted in Figure 1.13 is an example of a half-adder.33 It is 
comprised of an a-cyclodextrin (a-CD) macrocycle mechanically linked to a thread
Stopper A 
em = 520nm
Stopper B 
A*,,,* em = 395nm
AA = 0.15DS-EE
450 nm 
or A 313 nm
280 nm 
or A380 nm
AA = 0.27AF„ = + 0.55AA = 0.32
280 nm 
or A
AFa = + 0.52
450 nm313 nm
280 nm 380 nm
N a03S
AF„ = - 0.15
AA = 0.73
PSS-ZZ
Figure 1.13 -  [2] Rotaxane molecular half-adder described by Hien et al.33
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bearing two photoswitchable binding sites: an azobenzene site and a stilbene site. The 
bulky capping groups are two fluorescent naphthalimide groups, Stopper A and Stopper 
B. Using different wavelengths of light, the two recognition sites can be individually 
addressed. The azobenzene is switched from isomer E to Z using X = 380 nm and the 
stilbene is switched from isomer E to Z using X = 313 nm. The [2]rotaxane absorbs at X -  
270 nm and X -  350 nm with an isosbestic point at X = 301 nm. Stopper A fluoresces at 
Xmax = 520 nm and Stopper B fluoresces at X = 395 nm. In the initial E,E isomer, the a- 
CD shuttles between both the azobenzene and stilbene sites (DS-En=nEc=c; DS means 
dynamic state). Photoisomerization using X = 380 nm converts the azobenzene from E to 
Z, causing a-CD to reside at the stilbene site (PSS-Zn=nEc=c; PSS means photostationary 
state). Alternatively, photoisomerization of the DS-En=nEc=c isomer using X = 313 nm 
converts the stilbene from E to Z, causing a-CD to reside at the azobenzene site 
(PSS-En=nZc=c)- Photoisomerization of PSS-ZN=NEc=c with X = 313 nm produces 
PSS-ZN=NZC =c, likewise irradiation of PSS-En=nZc=c with X — 380 nm also produces 
PSS-Zn=nZc=c- Since a-CD cannot reside at either the azobenzene or stilbene site, it 
encircles the biphenyl group between the two sites. The position of the macrocycle a-CD 
affects the absorbance of the other conformations; the absorbance at X, = 270 nm increases 
and the absorbance at X = 350 nm decreases. The magnitude of the change in absorbance
is measured by: AA = l ^ S(270)—^ S(350)| _ The position of the macrocycle a-CD also
Abs(3oi)
affects the fluorescence of Stopper A and Stopper B. The presence of a-CD near the 
fluorescent stopper hinders vibrations and rotations of the methylene bonds between the 
stopper and the recognition site, resulting in increased fluorescence. The percent by which 
the fluorescence increases or decreases with respect to the D S -E n = n E c=c is measured as
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AF. In terms of logic expressions, the inputs are assigned as X = 380 nm and X = 313 nm
and the outputs are assigned as A A and AF. Results are summarized in Table 1.1.
Table 1.1 -  Results for absorbance and fluorescence data for the four isomers of 
[2] rotaxane.
AA AF
DS-EE 0.15 0.10
PSS-Zn=\Eo c 0.32 0.55
PSS-En=nZc=c 0.27 0.52
PSS-ZN=NZc=c 0.73 0.43
Setting the threshold for AA at 0.70 means that only under the condition that 
produces isomer PSS-ZN=NZc=c (when both inputs are used) would give a value of 1. 
This meets the necessary conditions for an AND gate. Setting the threshold for AF at 0.50 
means that conditions producing either PSS-Zn=nEc=c (when X = 380 nm is used) or 
PSS-En=nZc=c (when X = 313 nm is used) gives an output of 1. This meets the necessary 
conditions for an XOR gate.(Table 1.2)
Table 1.2 -  Truth table for [2]rotaxane molecular half adder.
Ini In2
(380 nm) (313nm)
Outi AA Outi AF
(AND gate) (XOR gate) Binary Sum
nc ns
0 0 0 0 00 
1 0 0 1 01 
0 1 0 1 01 
1 1 1 0 10
1 .7  ClRCUMROTATIONAL MOVEMENTS IN CATENANES
A catenane is a species consisting of two or more interlocked macrocyclic 
components held together by mechanical bonds that prevent their dissociation (Figure
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1.14). They are generally formed using a template-directed clipping synthesis whereby 
one ring is intact while the other is a ‘U-shaped’ component. After forming a 
pseudorotaxane complex, the ‘U-shaped’ portion is closed by covalent modification. 
Similar to a molecular shuttle, if one ring contains two recognition sites, the other ring 
can be controllably switched between the two sites.
State 0 State 1
Figure 1.14 -  Two co-conformations of a [2]catenane circumrotational switch.
Leigh et al. designed a catenane system where, not only is there control over 
switching between recognition sites, but also in which direction one ring moves around 
the other (Figure 1.15).34 In this [2]catenane, the two recognition sites on the one ring are 
fumaramide and succinamide (blue). Fumaramide (E-configuration) can be 
photochemically switched to the maleamide isomer (Z-configuration). Other features to 
this ring are the two bulky blocking groups, dimethyl-f-butylsiloxy and trityl, which are 
located on either side of the succinamide fragment. The second ring (red) has two 
isophthalamide components that are capable of hydrogen bonding with the carbonyl 
groups of the fumaramide, succinamide and maleamide fragments on the other ring. The 
isophthalamide ring prefers the possible recognition sites in the order from greatest to 
least: fumaramide, succinamide then maleamide. When fumaramide is photochemically 
switched to maleamide, the isophthalamide ring would prefer to shuttle to the 
succinamide site. The bulky blocking groups prevent this, thus the isophthalamide ring is
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forced to remain at the maleamide site. Removal of the silyl group allows the 
isophthalamide ring to move to the succinamide site. Re-silylation replaces the bulky 
blocking group so that when maleamide is photoisomerized back to fumaramide, and the 
trityl group removed, the isophthalamide ring will have completed a 360° rotation in a 
clockwise direction as illustrated in Figure 1.15. Had the sequence of events been carried 
out in the reverse order, a clockwise 360° rotation would have occurred.
\ Me ^ 5
(CH2) ,
succinimide-Z succinimide-E
•c h .
■NH
maleamide-Z fumaramide-E
Figure 1.15 -  [2]Catenane capable of reversible unidirectional circumrotation 
designed by Leigh et al.
1.8 M o l e c u l a r  M a c h in e s  a t  W o r k
The systems described so far have all been in solution. In order to make molecular 
machines and motors into functional materials, they need to be interfaced to the
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macroscopic world in an ordered fashion. To accomplish this, nanomachines will need to 
be organized at an interface, deposited on surfaces, immobilized on membranes or in 
crystal lattices. By organizing molecular assemblies in one of these ways, their 
movements may behave coherently and be addressed on the nanometer scale.
In a remarkable example of molecular machines performing measurable 
mechanical work, Stoddart and co-workers used self-assembled monolayers (SAMs) of a 
bistable [3]rotaxane molecular shuttle system to bend a cantilever. Figure 1.16 illustrates 
the palindromic molecular shuttling system whose movements are also reminiscent of a 
biological muscle.35
Figure 1.16 -  Structural and graphical representation of a palindromic molecular 
muscle [3] rotaxane constructed by Stoddart et al.
The thread portion consists of two pairs of distinct recognition sites for the 
cyclobis(paraquat-p-phenylene)4+ (CBPQT4+) macrocycle: a naphthalene fragment and a
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tetrathiofulvalene (TTF). Both sites are electron rich, but the electron poor CBPQT4+ has 
a higher affinity for the TTF site. One- or two-electron oxidation of the TTF unit causes 
electrostatic repulsion of the positively charged macrocycle, forcing it to the less 
favourable naphthalene site. Reducing TTF back to its neutral state returns the system 
back to its thermodynamically favoured state. The distance between the two macrocycles 
changes from 4.2 nm (in the extended state) to 1.4 nm (in the contracted state). The 
macrocycles are functionalized with disulfide groups which allow them to be adsorbed 
onto a gold surface (Figure 1.17). Cantilevers that were evaporated with gold were used 
to form self-assembled monolayers of the [3]rotaxane bistable shuttles. Stress on the 
cantilever caused by the oxidation of the TTF and the moving of CBPQT4+ to the inner 
naphthalene site was monitored by the change in the deflection of a laser beam focused 
on the cantilevers.
Figure 1.17 -  Graphical representation of the bending action of a cantilever due to 
the contraction of the palindromic molecular muscle.
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The mechanical bending of the cantilevers was observed over 25 cycles of 
oxidation/reduction. The mean molecular force associated with the bending of the 
cantilever was calculated based on Coulomb’s Law and was found to be in the range of 
14 - 21 pN.
1.9 T h e  L o e b  M o t if
In the late 1980s, Stoddart and co-workers discovered that bis(paraphenylene)-34-
 ^I
crown-10 ether (BPP34C10) formed a pseudorotaxane complex with paraquat (Figure 
1.18).36 It was noted that the binding of paraquat2+ with BPP34C10 was attributed to i) 
charge transfer between the hydroquinol rings of the crown with the pyridinium rings of 
paraquat2+, ii) paraquat2+ being tilted by 62° from the perpendicular so as to maximize 
N+—O interactions between the pyridinium nitrogen atoms and the crown ether oxygen 
atoms and iii) the weak CH—O hydrogen bond interactions between the guest and the 
receptor.
Figure 1.18 -  [2] Pseudorotaxane of paraquat2* and BPP34C10.
[ * — 7.00 A — » | — ►! 3 .7 5 A  —
Paraquat2+ 1,2-Bis(pyridnium)ethane2+
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Figure 1.19 -  Comparison of N+,"N+ distances between paraquat2+ and 
1,2-bis(py ridinium)ethane2+.
The N+-N + distance in paraquat2+ is 7.00 A. 1,2-Bis(pyridinium)ethane2+ is an 
isomeric form of paraquat2+, however the positive charge distribution is much more 
concentrated with an N+--N+ distance of 3.75 A (Figure 1.19).37 Loeb and Wisner 
established that l,2-bis(pyridinium)ethane is capable of forming [2]pseudorotaxane 
complexes with the macrocycle 24-crown-8 ether (24C8) and its derivatives. Solution !H 
NMR spectroscopic studies and X-ray crystallographic data indicated that complexation 
is driven by several non-covalent interactions, namely: i) N4—O ion-dipole interactions,
•5*7 “jo
ii) eight weak CH—O hydrogen bonds and iii) n- n stacking interactions (Figure 1.20). ’
(  \ f  )
W  iO
r - '
in
Figure 1.20 -  Newman projection top view (top) and side view (bottom) showing 
non-covalent 
and DB24C8.
interactions between a l,2-bis(dipyridinium)ethane + capped thread
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The l,2-bis(pyridinium)ethane/24C8 motif has proven to be a versatile system. It has 
been used for the formation of [2]pseudorotaxanes,37-39 [2]rotaxanes,40-43 [3]rotaxanes,44 
[3]catenanes,45 molecular shuttles,46 branched [n]rotaxanes, (n=2-4),47 dendrimeric 
rotaxanes48 and metal organic rotaxane frameworks (MORFs).49
1.10  S co pe  o f  Th esis
In this thesis, a broad range of topics will be covered, each touching on different 
aspects of the types of mechanical motion that have been described in this introductory 
chapter on molecular machines.
It has been previously established, by the Loeb group, that the 1,2- 
bis(pyridinium)ethane binding site relies on the two positive charges at the pyridinium 
nitrogen atoms to generate non-covalent interactions with 24-crown-8 macrocycles; the 
pyridinium nitrogen atoms are involved in ion-dipole interactions with the crown ether, 
they render the ethylene protons and the ortho pyridinium protons acidic enough that they 
can form relatively weak hydrogen bonds and lastly they make the linear thread electron 
poor.
To begin this thesis, in Chapter 2, a new type of mechanical motion is described 
which has been coined a mechanical “Flip-Switch”, using a single recognition motif 
based on the previously mentioned 1,2-bis(pyridinium)ethane binding site and several 
different macrocycles. In Chapter 3, it will be shown how the binding capabilities of the 
bis(pyridinium)ethane site can be effectively turned OFF by an intramolecular charge 
transfer (ICT) and then be turned back ON by shutting off the ICT. The Loeb motif has 
also been exploited in conjunction with a new recognition site, jV-benzylanilinium, in an 
effort to develop bistable molecular machines. A detailed study of the new binding site,
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its properties and complexation abilities with 24-crown-8 macrocycles is presented in 
Chapter 4. A new molecular system, based on the structural similarities of these two 
recognition sites, has been designed and synthesized whereby both structural motifs can 
be combined into a single molecular architecture with only slight modifications to the 
existing framework. The versatility of this approach will be demonstrated by the bistable 
[2]rotaxane molecular shuttles described in Chapter 5, modification into a [2]catenane 
circumrotational shuttle in Chapter 6, and finally into systems that have potential to be 
transformed into functional materials, which is discussed in Chapter 7.
For each particular system, a description of the movement of one component with 
respect to the other, the input used to manipulate the movement, and the way in which the 
movement is monitored, will be presented and discussed.
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CHAPTER 2
Flip-Switches
2.1 In t r o d u c t io n
The (1,2-bis(dipyridinium)ethane)cz(24-crown-8) or Loeb motif has proven to be a 
versatile recognition template for the formation of interlocked and interpenetrated 
molecules. This chapter describes the use of this interaction to illustrate a new type of 
motion with a set of previously unexplored isomers. These co-conformations operate at a 
single recognition site, where the relative positioning of the two interlocked components 
produces two positional isomers such that their inter-conversion is reminiscent of a “flip- 
switch”. The term “flip” is used herein to visualize the resultant change in relative 
positions of the two components rather than as a statement of the actual mechanism of 
reorientation.50
Figure 2.1 illustrates the two co-conformations. On the thread portion of the 
rotaxane, there is a green sphere on one end and a blue sphere on the other end. Similarly, 
the macrocycle also has a green cylinder on one end and a blue cylinder on the other end. 
Two co-conformations exist: (i) when the green cylinder on the macrocycle is over the 
green sphere on the thread and (ii) when the green cylinder on the macrocycle is over the 
blue sphere on the thread. This chapter focuses on proving the existence of the two co­
conformations, showing how one co-conformation may be preferred over the other as 
well as demonstrating the manipulation of the ratio of co-conformations by external 
perturbation.
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State 0 State 1
Figure 2.1 -  Illustration representing the two co-conformations of a flip-switch.
2 .2  Sy n t h e s is  a n d  C h a r a c t e r iz a t io n
2.2.1 Synthesis
Each of the [2]rotaxane molecular flip-switches was synthesized in a similar 
manner. Compound 2-11+ was refluxed with the corresponding pyridine to generate the 
threads 2-22+ - 2-52+ (Scheme 2.1). Each thread was isolated as the bromide salt and 
subsequently anion exchanged to the triflate salt.
Br
2-11 -Br
ch3 ch3
O - f  — 'O O y c H .
Scheme 2.1 -  Synthetic route for threads.
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To synthesize the [2]rotaxanes one equivalent of thread was reacted with six to ten 
equivalents of appropriate crown ether and three to six equivalents of fert-butylbenzyl 
bromide (Scheme 2.2). Two different reaction conditions were used: (i) dissolving all 
reactants in CH3CN, stirring for three to five days at room temperature and then filtering 
the resulting precipitate or ii) dissolving all reactants in a two phase mixture of 
CH3NO2/H2O, adding NaOTf to the H2O layer, stirring for three to five days at room 
temperature, subsequent removal of H2O layer, washing of the CH3NO2 layer several 
times with H2O, evaporating the CH3NO2 followed by column chromatography on the 
residue. Using the first method did not always yield the [2]rotaxane directly, thus it was 
necessary to purify the residue from the CH3CN filtrate by column chromatography. The 
[2]rotaxanes that precipitated from CH3CN solution were isolated as the bromide salt by 
vacuum filtration and then anion exchanged to the corresponding triflate salt. Capped 
threads were also synthesized using method (i) but without the addition of crown ether. 
Synthesis of the capped threads made possible analysis of the non-covalent interactions in 
the [2]rotaxanes by comparing the 'H NMR chemical shifts of both species in the same 
solvent. The 24C8 derivatives were synthesized according to modified literature 
procedures.51,52
The labeling scheme for this chapter is outlined in Scheme 2.3. For the purpose of 
clarity, the rotaxanes will be represented by capped thread number followed by the 
corresponding crown, for example [2-6c=DB24C8]4+. When referring to the capped thread 
species, only the number of the thread will be used. All rotaxanes and capped threads 
have been converted to the triflate anion species.
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Scheme 2.2 -  Representative synthesis of a [2]rotaxane molecular flip-switch.
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Scheme 2.3 -  Labeling scheme for Chapter 2.
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2.2.2 'H NMR Spectroscopy
One of the simplest [2]rotaxanes that can be made with the bis(pyridinium)ethane 
binding motif and which displays the effect of all three non-covalent interactions 
responsible for the initial self-assembly is [2-6cDB24C8]4+. Figures 2.2a and 2.2b show 
the NMR spectra in CD3CN of 2-64+ and [2-6c:DB24C8]4+. Chemical shift differences 
between the capped thread and [2]rotaxane indicate the influence of the non-covalent
d i
b)
h e g f b c 1 2
JU
Figure 2.2 -  *H NMR spectra of a) 2-64+ and b) [2-6cDB24C8]4+ in CD3CN.
interactions between the thread and the crown ether. The ethylene protons of the 
recognition site, i, and the ort/20-pyridinium protons, h, are involved in hydrogen bonding 
interactions with the oxygen atoms of the crown ether. As a result, they shift downfield 
by ~0.30 ppm which is typical of protons involved in this type of non-covalent 
interaction. Conversely, the weta-pyridinium protons, f  and g, shift upfield -0.30 ppm
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due to 7E-stacking interactions between the electron rich catechol rings of the crown ether 
and the electron poor pyridinium rings of the thread. At the same time, the crown ether 
catechol protons also shift upfield for the same reason. Other protons on the thread, such 
as b, c and d, do not shift significantly as they are not directly involved in any non- 
covalent interactions with the crown ether. Proton e is only significantly affected in the 
presence of naphtho rings on the crown ether.
2 .3  P r o o f  of the  “F l ippin g ” Ph en o m en o n
2.3.1 Variable Temperature NMR Experiments
To confirm the existence of the flipping phenomenon, the symmetrical thread 
2-64+ was used with the unsymmetrical crown ether BN24C8. The use of the terms 
‘symmetrical’ and ‘unsymmetrical’ is meant to indicate whether the two ends of the 
molecule as viewed through a mirror plane located between (i) the carbon atoms of the 
ethylene bridge for the thread or the rotaxane or (ii) between the second and third oxygen 
atoms of the ethereal arms of the crown ether, have the same or different substituents, 
respectively (Figure 2.3).
Figure 2.3 -  Symmetrical thread 2-64+ and unsymmetrical crown ether BN24C8.
symmetrical unsymmetrical
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Figure 2.4 shows the two possible orientations of the ring for this rotaxane. In 
State 0, the naphtho ring of the crown ether is located over the blue dipyridinium end and 
the benzo ring over the green dipyridinium end. In State 1, the ring has flipped so that the 
naphtho ring is over the green dipyridinium and the benzo ring is over the blue 
dipyridinium.
State 0
, / X State 1
Figure 2.4 -  Two possible orientations of BN24C8 for [2-6c=BN24C8]4+.
Since both sides of the thread are equivalent, and the naphtho ring does not prefer 
the blue dipyridinium rings any more than the green dipyridinium rings, this particular 
example is considered degenerate. By definition, these must have equal populations since 
they are simply different ends of the same molecule. Variable Temperature (VT) NMR is 
a simple technique used for studying dynamic processes, such as conformational changes. 
Figure 2.5 shows that at 30°C, the aromatic portion of the spectrum of [2-6cBN24C8]4+
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in CD2CI2 exhibits four averaged peaks representing the eight different types of dipyridyl 
protons. This is the result of a rapid end-to-end exchange of the aromatic rings of the 
crown ether relative to the thread. As the temperature is lowered, the peaks, which started 
as sharp doublets, begin to broaden. Coalescence occurs at ~-45°C, when the peaks
-30°C
g
-60°C
gBN
BN
-90°C
9 . 2  9 . 1  9 . 0 8 . 9 8 8 8 . 7 8 . 6 8 . 5 8 4 8 . 3 8 . 2 8 .1 8 . 09 . 7  9 . 6 9 . 5 9 . 4 9 . 3 ppm
Figure 2.5 -  Variable temperature *11 NMR spectra of [2-6<zBN24C8]4+ in 9:1 
CDzChrCDaCN. Subscripts B and N denote the benzo (B) and naphtho (N) ends of 
the molecule.
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representing protons e and f  are flattened into the baseline as the rate of flipping 
approaches that of the NMR timescale. The limiting spectrum of the same compound at - 
90°C shows six broad, but distinct peaks. Peak broadening is a consequence of the 
increase in viscosity of the solvent, CD2CI2, as the temperature approaches its freezing 
point at -95°C and the fact these relatively large molecules are tumbling more slowly 
since the solution has less thermal energy.
Closer examination of the environments of each of the protons provides a 
rationalization for the appearance of the limiting spectrum. The inner protons labeled h 
and g (Scheme 2.3) are consistently shielded by either the benzo aromatic ring or the 
inner portion of the naphtho aromatic ring of BN24C8. As a result, the peaks representing 
these protons do not split since their immediate environments are not sufficiently 
different. However, the outer dipyridyl protons, labeled e and f, do experience 
significantly different amounts of shielding depending on the presence or absence of the 
larger naphtho ring. When the naphtho ring is present, the protons are shielded and hence 
are shifted upfield due to ring current effects. When the naphtho ring is absent (i.e. 
located over the other “side” of the thread) the protons are deshielded and hence are 
positioned further downfield compared to the averaged peaks of the room temperature 
spectrum. The chemical shift difference (A8) is ~ 0.30 ppm, which is in the range 
previously observed and discussed for protons involved in 71-stacking in the rotaxanes
■yn in
compared to the protons in the capped threads. ’ ’
To add further evidence o f  the existence o f  this interconversion, the sam e V T  
NMR experiment was performed on the [2-6<=N24C8]4+ rotaxane. Examination of the 
room temperature spectrum again shows an average set of peaks. Upon cooling to -75 °C,
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eight distinct peaks become evident, one for each type of dipyridyl proton on the different 
ends of the molecule (Figure 2.6). In this rotaxane, all dipyridyl protons sense a dramatic 
change in environment; i.e. either there is an aromatic ring present over the protons or 
there is not. Thus, dipyridyl protons on one end of the thread experience shielding, while 
the other end has no shielding.
i •------------1----------- 1------------1----------- ■---------r— -------------- 1------------1------------1------------1------------1----------- ■----------- 1------------1------------1------------1------------1------------•------------1
. 8  9 . 6  9 . 4  9 . 2  9 . 0  8 . 8  8 . 6  8 . 4  8 . 2  8 . 0  ppm
Figure 2.6 -  Room temperature (top) and limiting (bottom) 1H NMR spectra of 
[2-6cN24C8]4+ in CD2C12.
To summarize, the room temperature *H NMR spectra of the [2]rotaxanes, 
[2-6<=BN24C8]4+ and [2-6c N24C8]4+, both show an average set of resonances for the 
dipyridyl protons, e, f, g and h. Conversely, the low temperature spectra reveal two sets of 
distinct dipyridyl resonances. The presence of two sets of peaks in the limiting spectra 
gives direct evidence to support the existence of two distinct orientations of the crown 
ether ring relative to the pyridinium thread.
2.3.2 Rate Analysis
The end-to-end interchanging of the flip-switch is a dynamic process and the rate 
of the process is temperature dependent. The rates for the “flipping” phenomenon can be
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determined by performing full lineshape analysis on experimental variable temperature 
*H NMR spectra. The data collected at each temperature were fitted to a calculated
20°C
0°C
-50°C
-60 C
bB bN cB Cn
-90° C
7  .  6
Figure 2.7 -  VT H NMR spectra showing proton resonances b and c from
[2-6c BN24C8]4+.
spectrum generated using the software gNMR. From the simulations, rate constants and 
activation parameters can be extracted. The VT 'H NMR experiment for
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Flip-Switches 36
[2-6c BN24C8]4+ was used to obtain this data using the peaks corresponding to the b 
protons of the thread, the outer protons on the tert-butylbenzyl stopper (Scheme 2.2). The 
dipyridyl peaks are not suitable for these simulations because the peaks in the low 
temperature spectra are too broad. Figure 2.7 illustrates both tert-butylbenzyl peaks, b 
and c, splitting from one doublet at room temperature into two doublets at low 
temperature in the expected 1:1 ratio. This suggests that the ferZ-butylbenzyl aromatic 
ring, although not involved in face-to-face 7i-stacking with the crown ether aromatic 
rings, must be involved in edge-to-face 7t-stacking interactions since it senses the 
difference between a naphtho ring and a benzo ring of the crown ether.
o°c
-60°C
Figure 2.8 -  Selected experimental (top) and calculated (bottom) spectra for proton 
b of [2-6c BN24C8]4+.
Selected simulations at different temperatures are shown in Figure 2.8. The 
calculations iterate on four variables: the chemical shift of bN, the chemical shift of bs, 
the line width of the peaks, w (in Hz) and the rate constant, k. The natural log of the rate
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constants are plotted against 1/T (in K) to give a slope that is equal to -EJR , where Ea is 
the energy barrier (activation energy) and R is the gas constant (8.314 J K mol'1) (Figure 
2.9). Based on the simulations, the rate of the “end-to-end” exchange for 
[2-6c BN24C8]4+ was calculated to be 6.8 x 103 s'1 at 298 K with an energy barrier of 29 
kJ/mol.
In k vs 1/T 
2-64+c BN24C8
10.0 n
9.0-
8.0 -
7.0-
6.0 -
3.0-
2 0 -
0.0040 0.0050 0.00550.0030 0.0035 0.0045
i/T  n e b
Figure 2.9 -  Arrhenius plot for [2-6czBN24C8]4 ' .
The rate for [2-6c=N24C8]4+ could not be calculated using the full lineshape analysis 
because the peaks of the /-butylbenzyl protons were too broad in the limiting spectra.
2.3.3 Increasing the activation energy
To raise the energetic barrier, one or more of the interactions between the thread 
and the crown would have to be enhanced. One possibility is to make the crown ether 
aromatic rings more electron rich or the thread more electron poor. Attempts were made 
to synthesize a thread using pyridine-3,5-dimethyl ester so that electron withdrawing 
groups were directly bonded to the pyridinium ring. Unfortunately, alkylation was 
unsuccessful because the nucleophilicity of the nitrogen was affected by the electron
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withdrawing effects of the dimethyl ester groups. Attempts to oxidize 2-32+ to the 
dicarboxylic acid substituted thread, but oxidation using KMn04 destroyed the ethylene 
bridge. Therefore, in an attempt to increase the activation energy, 3,5- 
bis(methoxycarbonxyl)benzyl bromide was incorporated as a stopper in place of t- 
butylbenzyl bromide. The new stopper was synthesized according to a modified literature 
procedure53 and incorporated into the [2]rotaxane [2-10cBN24C8]4+ (Figure 2.10) using 
the same synthetic methodology outlined in Scheme 2.1. The expectation was that the 
ester groups on the stopper would have an electron withdrawing effect on the pyridinium 
rings of the thread and therefore increase the electrostatic interaction between the electron 
rich catechol rings of the crown and the electron poor pyridinium rings of the thread. 
Variable temperature *H NMR was used to assess any change in activation energy when 
compared to the original [2]rotaxane [2-6cBN24C8]4+. The expectation was that an 
increase in activation energy would be indicated by a higher coalescence temperature 
(To).
1 2
a
W O
10 11
[2-10cBN24C8]
Figure 2.10 -  Labeling scheme for [2-10cBN24C8]4+.
Unfortunately, coalescence occurred at —45°C, around the same temperature as 
noted for [2-6cBN24C8]4+. Efforts to establish rate constants and an activation energy by
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fitting the VT *H NMR spectra to calculated spectra using gNMR were also unsuccessful. 
However, the similarity of coalescence temperatures does suggest that the energy barriers 
of the two flip-switches are similar and the ester groups are too remote to be effective.
Crystals suitable for single crystal X-ray structural determination were grown by 
slow evaporation of an CH3CN solution of [2-10cBN24C8]4+ (Figure 2.11).
Figure 2.11 -  A ball-and-stick representation of the X-ray structure for the cationic 
portion of the [2]rotaxane [2-10cBN24C8]4+.
2.4 T r u l y  Un sy m m e t r ic a l  [2]R o t a x a n e s: Fl ip-S w itc h e s
The [2]rotaxane [2-6c=BN24C8]4+ represents a simple flip-switch containing a 
ring with two different aromatic groups. To introduce non-degeneracy into the flip-switch 
system, both an unsymmetrical thread and an unsymmetrical ring are required. The 
simplest way to make the threads unsymmetrical about the ethylene bridge is to 
incorporate different pyridines. Both 3,5-lutidine and 4-t-butylpyridine are commercially 
available, and 2,7-diazapyrene can be prepared in three steps.54 These compounds were 
used to synthesize threads 2-32+, 2-42+ and 2-52+ (Scheme 2.1), which were subsequently 
used to make [2]rotaxanes by combining 2-73+, 2-83+ and 2-94+ with the six 24C8
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derivatives: 24C8, B24C8, DB24C8, BN24C8, N24C8 and DN24C8 (Scheme 2.2). In 
cases where the crown ether is B24C8, BN24C8 or N24C8, there exists the possibility of 
differences in the relative populations between the two co-conformations.
Ideally, it would be possible to record the limiting low temperature spectra and 
integrate the appropriate peaks for each pyridyl proton to determine the relative 
populations. Unfortunately, limited solubility of these compounds in CD2CI2 as well as 
rapid chemical exchange of the co-conformations at the lowest temperatures accessible in 
CD2CI2 (freezing point = -95 °C) prevented use of this method.
2.4.1 Establishing a Room Temperature Method
At room temperature, the chemical shifts of the dipyridyl protons e and f  in 
[2-6c B N 2 4 C 8 ]4+ are a weighted average of the positions observed for the same protons 
in the [2]rotaxanes [2-6cDB24C8]4+ and [2-6<=DN24C8]4+. By definition, the isomer 
ratio for [2-6cBN24C8]4+ rotaxane must be 50:50. The inner pyridinium protons, g and 
h, have essentially the same chemical shift in all three rotaxanes since their shielded 
environment does not change regardless of which crown is present (Figure 2.12).
To verify that this result was unaffected by external conditions or concentration, 
all three rotaxanes were dissolved together in 1 mL of CD3CN at 2.0 * 10'3 M. Figure 
2.13 validates the previous result since the chemical shifts of both experiments are 
identical; the resonance of proton e in the BN24C8 rotaxane is at the average of the 
positions for the same proton e in the DB24C8 and DN24C8 rotaxanes.
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[2-6cDB24C8]
[2-6cDN24C8]
[2-6cBN24C8]
Figure 2.12 -  The partial 'H NMR spectra of [2-6cDB24C8]4+, [2-6c=DN24C8]4+ and 
[2-6c=BN24C8]4+ at 30°C in CD3CN. Subscripts B and N denote the benzo (B) and 
naphtho (N) ends of the molecule, the numbering schemes are outlined in Scheme 
2.3.
9 8
Figure 2.13 -  4H NMR spectrum of a combination of rotaxanes [2-6cDB24C8]4+, 
[2-6cDN24C8]4+ and [2-6cBN24C8]4+ at 30°C in CD3CN at 2.0 x 10 3 M each.
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2.4.2 Determination of Relative Populations for Unsymmetrical [2]Rotaxanes
Figure 2.14 illustrates the idea behind the room temperature method. The top 
spectrum (a) describes the scenario discussed above for rotaxane [2-6c=BN24C8]4+, where 
the resonance of the e proton lies between the limiting shifts for the same proton in the 
DN24C8 and DB24C8 rotaxanes. The middle spectrum (b) describes the scenario where 
the chemical shift of the e proton in an unsymmetrical BN24C8 rotaxane is closer to the 
limiting shift of the e proton for the DN24C8 rotaxane. This suggests that the character of 
the e proton of the BN24C8 rotaxane is closer to the character of the e proton in the 
DN24C8 rotaxane, thus the naphtho group must be residing overtop of the dipyridyl 
group the majority of the time. The opposite of this is described in the bottom spectrum 
(c) where the average shift of the e proton of the unsymmetrical BN24C8 rotaxane is 
closer to the limiting shift of the e proton in the DB24C8 rotaxane. In this case, the benzo 
group is residing over the dipyridyl group the majority of the time.
§DB §B Son
I
I
Xn ! Xb
b)
C)
Figure 2.14 -  Pictorial representation of isomer ratio determination based on room 
temperature 1H NMR spectra.
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The room temperature resonances representing the weighted averages for protons 
eB and eN in [2-7<=BN24C8]3+, [2-8<=BN24C8]3+ and [2-9cBN24C8]4+ were compared to 
the limiting shifts for these same protons in the analogous rotaxanes [2-6cDB24C8]4+ 
and [2-6cDN24C8]4+ to determine the ratio of co-conformational isomers in these 
compounds in CD 3 C N  (Table 2.1). This method shows that in C D 3 C N , the larger naphtho 
group prefers 31-stacking with the 4,4'-dipyridinium group rather than the 3,5-lutidinium 
(2-73+), 4-t-butylpyridinium (2-83+) or 4,7-diazapyrenium (2-94+) groups. For 
[2-7cBN24C8]3+ and [2-8cBN24C8]3+ this is probably due to the increased steric 
interactions between the methyl or /-butyl substituents and the larger naphtho group 
compared to the smaller benzo group.
Table 2.1 - Isomer ratios determined from 1H NMR data for [2] rotaxanes in CD3CN.
Isomer Ratio a
[2 ] rotaxane N/DP:B/DP
[2-6c BN24C8]4+ 50:50*
[2-7<zBN24C8]3+ 57:43
[2-8c BN24C8]3+ 79:21
[2-9c BN24C8]4+ 60:40
N/DP:-/DP
[2-6c N24C8]4+ 47:53*
[2-7c N24C8]3+ 67:33
[2-8c N24C8]3+ 91:9
[2-9c N24C8]4+ 66:34
B/DP:-/DP
[2-6c B24C8]4+ 50:50*
[2-7c B24C8]3+ 49:51
[2-8c B24C8]3+ 82:18
[2-9<=B24C8]4+ C
a N/DP indicates naphtho rc-stacked with 4,4’-dipyridinium, B/DP benzo rc-stacked with 4,4’-dipyridinium and - 
/DP nothing stacked with 4,4’-dipyridinium. Errors for ratios are estimated to be <5%.b By definition the isomer 
ratios for [2-6cBN24C8]4+, [2-6cN24C8]4+, [2-6cB24C8]4+are 50:50.c It was not possible to calculate a value 
for [2-9cB24C8]4+ it was not be prepared in sufficient yield and purity.
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Similar trends are seen when N24C8 and B24C8 rotaxanes are used as the 
unsymmetrical crown ethers. The chemical shifts of the e protons in rotaxanes 
[2-6c=24C8]4+ and [2-6cDN24C8]4+ were used for the limiting shifts for the rotaxanes 
with N24C8 as the unsymmetrical crown ether, whereas the chemical shifts of the e 
protons in [2-6c24C8]4+ and [2-6cDB24C8]4+ were used when comparing to rotaxanes 
with B24C8. Again, the dramatic preference for the naphtho group to be associated with 
the dipyridyl group in the case where the other end is /-butyl is attributed to steric 
interactions with the aromatic ring of the crown ether.
The X-ray crystal structure of [2-7cBN24C8]3+ (Figure 2.15), gives solid state 
evidence to support the results of the solution studies. In the solid state, naphtho lies over 
the 4,4'-dipyridinium group and benzo over the 3,5-lutidinium ring. It appears that the 
benzo ring can fit between the methyl groups whereas the naphtho group may encounter 
unfavourable steric interactions. This effect would be even more pronounced in 
[2-8<zBN24C8]3+ and [2-8<zN24C8]3+ since the /-butyl group is not only much bulkier 
than the methyl groups of lutidine, but is also located in the para position where it would 
have a more severe steric interaction with the naphtho aromatic ring of the crown ether.
Figure 2.15 -  A ball-and-stick representation of the X-ray structure for the cationic 
portion on the [2]rotaxane [2-7cBN24C8]3+.
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2.4.3 Manipulation of the Relative Population Distributions
Since the populations of the two isomers seem to be dependent on the relative 
degrees of 7i-stacking available, it was of interest to try to manipulate the populations. 
Hunter has shown that changing solvent polarity can have a profound influence on 
intramolecular face-to-face Jt-stacking between aromatic rings.55, 56 Others have used 
solvent polarity to control co-conformational changes in molecular shuttles.57'59 
[2]Rotaxane [2-9c=BN24C8]4+ was chosen for this study as it contains two different 
planar pyridinium groups of different surface area and offers no negative steric 
contributions. Table 2.2 contains data for [2-9cBN24C8]4+ in CD3CN, CD2CI2, CD3OD, 
(CD3)2CO, CD3NO2, (CD3)2SO and D2O and demonstrates that the ratio of co- 
conformational isomers can indeed be tuned by a simple external perturbation such as 
solvent polarity. Solvent polarity is quantified using the parameter Z.60, 61 The 
solvophobic description of aromatic interactions suggests that polar solvents are unable to 
properly solvate aromatic surfaces, enhancing ^-stacking interactions in polar solvents. In 
non-polar solvents, aromatic surfaces are better solvated, however, electrostatic 
interactions can have an increased impact.56 In these molecular flip-switches, both Jt- 
stacking and electrostatic interactions are contributing to the overall stability of the 
system. The ratio of isomers shows an increase in 7t-stacking of the naphtho group with 
the 4,4'-dipyridinium group in the more polar solvents. This is consistent with observed 
trends and shows that the naphtho-dipyridinium combination is the more favourable 
interaction. The observed anomaly of the isomer ratio in CD2CI2 of 59:41 is attributed to 
enhanced electrostatic interactions in the non-polar solvent, similar to observations made 
in Hunter’s study.56
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Table 2.2 -  Ratios of co-conformational isomers determined for [2-9cBN24C8]4+ 
from *H NMR data in various solvents.
N/DP : B/DP Isomer Ratio Solvent System Z (kcal/mol)
82:18 (CD3)2s o 71.1
71:29 (CD3)2CO 65.7
70:30 d 2o 94.6
65:35 c d 3o d 83.6
60:40 c d 3c n 71.3
58:42 c d 3n o 2 71.2
59:41 c d 2c i2 64.2
a The OTf salt of the thread was used for all solvents except D20  for which the chloride salt was used. b Z, 
solvent polarity parameters. 60,61.
2 .5  Su m m a r y  and  C o n c lusio ns
In summary, a new type of flipping mechanical motion in interlocked molecules 
has been described. The existence of co-conformations that are the result of this flipping 
phenomenon has been confirmed by variable temperature 'H NMR spectroscopy. 
Limiting lH NMR spectra of rotaxanes [2-6cBN24C8]4+ and [2-6cN24C8]4+ show six 
and eight distinct proton resonances, respectively, representing dipyridyl protons on 
opposite ends of the thread which implies that the two ends are distinct. Using full 
lineshape analysis on experimental VT NMR spectra, the rate constant (k) for the 
reorientation of the crown ether in [2-6czBN24C8]4+ was determined to be 6.8 x 103 s' 1 at 
25°C with an energy barrier of 29 kJ/mol.
To improve on this system, the non-covalent interactions between the crown ether 
and the thread must be enhanced and the rate of flipping must be decreased. Addition of 
methyl groups to the ethereal arms on the crown ether may have the effect of slowing the 
rate. Negatively charged sulfonate groups appended to the aromatic rings of the crown 
ether would serve as a counterion to the cationic thread, and it should also increase the
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electrostatic interaction between the electron rich crown ether and electron poor thread. It 
would also be necessary to find a way to control the motion by an external perturbation. 
Addition of a dimethylamino group to the crown ether would provide a site for 
protonation/deprotonation that would allow control over the change in the electron 
density of the aromatic ring to which it is attached from electron rich to electron poor. 
This may be a means to cause electrostatic repulsion/attraction if one ring on the thread is 
electron poor and the other is electron rich. Further studies are necessary to improve the 
feasibility of the molecular flip-switch.
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2.6 E x pe r im e n ta l
2.6.1 General Comments
Sodium trifluoromethanesulfonate, 4,4'-dipyridyl, 1,2-dibromoethane, 3,5- 
lutidine, 4-terf-butylpyridine, 4-tert-butylbenzylbromide and DB24C8 were purchased 
from Aldrich and used as received. Deuterated solvents were obtained from Cambridge 
Isotope Laboratories and used as received. Solvents were dried using an Innovative 
Technologies Solvent Purification System. Thin Layer Chromatography (TLC) was 
performed using Merck Silica gel 60 F254 plates and viewed under UV light. Column 
chromatography was performed using Silicycle Ultra Pure Silica Gel (230 -  400 mesh). 
]H NMR and 2-D experiments were performed on a Briiker Avance 500 instrument 
operating at 500.1 MHz. The deuterated solvent was used as the lock and the residual 
solvent or TMS as the internal reference. Conventional 2-D NMR experiments (’H^H 
COSY) were conducted and used to help assign all peaks. High resolution mass 
spectrometry (HR-MS) experiments were performed on a Micromass LCT Electrospray 
(ESI) time-of-flight (TOF) Mass Spectrometer. Solutions of 50-100 ng/pL were prepared 
in CH3CN (unless otherwise indicated), and injected for analysis at a rate of 5 pL/min 
using a syringe pump.
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2.6.2 Synthesis of 2 - l+
4,4'-Dipyridyl (5.00 g, 0.0320 mol) was dissolved in 1,2-dibromoethane (150 mL) 
and refluxed for three hours. The solution was filtered hot and the resulting precipitate 
washed with cold ethanol. The precipitate was collected and recrystallized from ethanol 
to yield a yellow crystalline powder (10.32 g, 94%).
a b c d
f
Table 2.3 -  'H NMR of [2-1][Br] in DzO. MWBr-= 344.058 g/mol
Proton 8  (ppm) Multiplicity # Protons /(H z)
a 8.68 d 2 3/ ab = 6.36
b 7.87 d 2 V ba-6.36
c 8.35 d 2 3Jcd = 6.77
d 8.93 d 2 3/dc = 6.77
e 4.99 t 2 3/ ef = 5.70
f 3.92 t 2 Vfe=5.70
Table 2.4 - lH NMR of [2-1] [BF4] in CD3CN. MWBF4-= 350.946 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 8.84 d 2 Vab = 6.06
b 7.82 d 2 3/ba=6.06
c 8.38 d 2 3/ cd = 6.54
d 8.84 d 2 3Jdc = 6.54
e 4.97 t 2 3/ ef=5.86
f 3.97 t 2 3Jfe = 5.86
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2.6.3 Synthesis o f 2-22+
[2-l][Br] (2.00 g, 0.00581 mol) and 4,4'-dipyridyl (3.00 g, 0.0192 mol) were 
dissolved in absolute ethanol (80 mL) and refluxed for five days. The solution was 
filtered hot and the resulting precipitate washed with cold ethanol. The precipitate was 
collected and stirred in CHCI3 to yield a beige powder (1.23 g, 42 %). The bromide salt 
was anion exchanged to the triflate salt by heating the bromide salt in water and adding 
NaOTf. The resulting precipitate was collected by filtration (1.48 g, 94 %).
a b c d
Table 2.5 -  'H NMR of [2-2][Br]2 in D20 . MWBr-= 500.229 g/mol
Proton 8  (ppm) Multiplicity # Protons J  (Hz)
a 8.77 d 4 3J ab -  4.48
b 7.90 d 4 3Jba = 4.48
c 8.48 d 4 3Jcd = 5.65
d 8.98 d 4 Vdc= 5.65
e 5.40 s 4 —
Table 2.6 - *H NMR of [2-2] [OTf] 2 in CD3CN. MWOTf-= 638.559 g/mol
Proton 8  (ppm) Multiplicity # Protons /(H z)
a 8.80 d 4 Vab = 6.63
b 8.39 d 4 3/b a = 6.63
c 7.81 d 4 3Jcd = 5.82
d 8.87 d 4 3J dc = 5.82
e 5.18 s 4 —
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2.6.4 Synthesis o f  2-32+
[2-1][Br] (2.50 g, 0.00727 mol) and 3,5-lutidine (3.89 g, 0.0363 mol) were 
dissolved in absolute ethanol (80 mL) and refluxed overnight. The solution was cooled 
and placed in the freezer overnight. The resulting precipitate was filtered and washed with 
cold ethanol. The precipitate was collected and stirred in CHCI3 to yield a beige powder 
(1.66g, 51 %). The bromide salt was anion exchanged to the triflate salt by heating the 
bromide salt in water and adding NaOTf. The resulting precipitate was collected by 
filtration (1.98 g, 91 %).
a b e d  i
Table 2.7 -  *H NMR of [2-3][Br] 2 in D20 .  MWBr-= 451.198 g/mol
Proton 5 (ppm) Multiplicity # Protons /(H z)
a 8.74 d 2 3/ ab = 4.96
b 7.87 d 2 3Jba = 4.96
c 8.43 d 2 3/cd = 6.12
d 8.86 d 2 3Jdc = 6.12
e 5.30 t 2 3/ ef= 6 .08
f 5.21 t 2 3/fe = 6.08
g 8.46 s 2 —
h 8.28 s 1 —
i 2.42 s 6 —
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Table 2.8 - 'H NMR of [2-3][OTffe in CD3CN. MWOTf-= 589.528 g/mol
Proton 8  (ppm) Multiplicity # Protons /(H z)
a 8.86 d 2 3/ ab = 5.85
b 7.82 d 2 Vba = 5.85
c 8.38 d 2 3/ cd = 6.83
d 8..82 d 2 3J de = 6.83
e 5.16 t 2 3Jef=6.50
f 5.07 t 2 3/ fe -  6.50
g 8.48 s 2 —
h 8.24 s 1 "
i 2.47 s 6 —
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2.6.5 Synthesis of 2-42+
[2-1][BF4] (2.00 g, 0.00570 mol) and 4-/-butylpyridine (3.85 g, 0.0285 mol) were 
dissolved in CH3CN (80 mL) and refluxed overnight. The solution was cooled and 
filtered and the precipitate was washed with CH3CN. The precipitate was collected and 
stirred in CHCI3 to yield a beige powder (2.25 g, 82 %). The bromide salt was anion 
exchanged to the triflate salt by heating the bromide salt in water and adding NaOTf. The 
resulting precipitate was collected by filtration (2.88 g, 91 %).
a b c d
Table 2.9 -  'l l  NMR of [2-4][OTf]2 in CD3CN. MWo ir  = 617.582 g/mol
Proton 8 (ppm) Multiplicity # Protons J ( Hz)
a 8.87 d 2 Vab = 5.90
b 7.81 d 2 3Jba= 5.90
c 8.39 d 2 3 Jed =  6.63
d 8.82 d 2 Vdc = 6.63
e 5.14 t 2 3Jef = 5.70
f 5.10 t 2 3Jfe = 5.70
S 8.63 d 2 3Jgh = 6.70
h 8.07 d 2 3Jhg = 6.70
i 1.41 s 9 —
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2.6.6 Synthesis o f 2-52+
[2 -2 ][BF4] (0.371 g, 0.00106 mol) and 2,7-diazapyrene (0.240 g, 0.0118 mol) 
were dissolved in propionitrile (80 mL) and refluxed for seven days. The solution was 
cooled and the resulting precipitate was filtered and washed with CH2CI2. The precipitate 
was collected and stirred in CH2CI2 again and filtered to yield a beige powder (0.140 g, 
24 %). The bromide salt was anion exchanged to the triflate salt by heating the bromide 
salt in water and adding NaOTf. The resulting precipitate was collected by filtration 
(0.150 g, 86 %).
a b e d  h i
Table 2.10 -  'H NMR of [2-5][OTfl2 in CD3CN. MWOTf-= 688.618 g/mol
Proton 8 (ppm) Multiplicity # Protons J  (Hz)
a 8.85 d 2 Vab = 6.09
b 7.78 d 2 V b a = 6 .09
c 8.34 d 2 3J cd = 6.76
d 8.80 d 2 3Jdc = 6.76
e 5.40 t 2 3 J ef = 6.46
f 5.62 t 2 3J fe = 6.46
g 9.68 s 2 --
h 8.74 d 2 3«4i= 9.12
i 8.53 d 2 Vih = 9.12
j 9.89 s 2 —
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2.6.7 Synthesis o f 2-64+
[2 -2 ] [OTf]2 (0 .1 0 0  g, 1.57 x 1 0 '4 mol) and /-butylbenzyl bromide (0.213g, 9.40 x 
10'4 mol) were dissolved in CH3CN and stirred for five days. The precipitate that formed 
was filtered and the filtrate evaporated. The filtrate was stirred in CH2CI2 to get rid of 
excess /-butylbenzyl bromide. The resulting precipitate was filtered and combined with 
the first precipitate and all dissolved in H2O. NaOTf was added to the solution resulting in 
precipitation of the product as the triflate salt. The white precipitate was collected by 
vacuum filtration (0.110 g, 57 %). ESI-MS: m/z [2-6 - OTf]+ calc. 1081.2596, found 
1081.2567.
a
Table 2.11 -  *H NMR of [2 -6 ][OTfl4 in CD3CN. MWOTr= 1231.171 g/mol
Proton 8  (ppm) Multiplicity # Protons /(H z)
a 1.32 s 18 —
b 7.54 d 4 3Jbc = 8.38
c 7.44 d 4 3Jcb = 8.38
d 5.79 s 4 —
e 9.00 d 4 3/ ef=6.74
f 8.43 d 4 Vfe = 6.74
g 8.48 d 4 3/gh = 6 .6 8
h 9.03 d 4 3Jhg = 6 .6 8
i 5.27 s 4 —
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2.6.8 Synthesis of [2-6c24C8]4+
[2 -2 ] [OTfJ2 (0.181 g, 2.84 x 10-4 mol), 24C8 (1.00 g, 2.84 x 10‘3 mol) and 
/-butylbenzyl bromide (0.387g, 1.70 x 10'3 mol) were dissolved in CH3CN and stirred for 
five days. The solution was filtered and the filtrate evaporated. The filtrate was stirred in 
toluene to get rid of excess crown and /-butylbenzyl bromide. This was filtered and the 
filtrate evaporated. The residue was dissolved in CH2CI2 and the resulting precipitate 
collected by vacuum filtration. (0.075 g, 17 %) ESI-MS: m/z [2-6ci24C8 - OTf]+ calc. 
1433.4688, found 1433.4634.
Table 2.12 -  'll NMR [2-6c24C8][OTf|4 in CD3CN. MWoxr = 1583.592 g/mol
Proton 8  (ppm) Multiplicity # Protons J(Hz)
a 1.32 s 18 —
b 7.56 d 4 3Jbc = 8.32
c 7.48 d 4 3Jcb = 8.32
d 5.83 s 4 —
e 9.05 d 4 3Jef=6.65
f 8.51 d 4 3Jfe = 6.65
g 8.57 d 4 3Jgh = 6.69
h 9.32 d 4 3Jhg = 6.69
i 5.44 s 4 —
1-4 3.51 s 32 —
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2.6.9 Synthesis o f [2-6<=B24C8]4+
[2-2][OTffe (0.200 g, 3.13 x KT4 mol), B24C8 (0.753 g, 1.88 x 10’3 mol) and t- 
butylbenzyl bromide (0.427g, 1.88 x 10'3 mol) were dissolved in a two layer solution of 
CH3N02/Na0 Tf(aq) (20 mL, 3:1) and stirred for five days. The two layers were separated 
and the MeNC>2 layer washed twice with water, then subsequently dried with MgSC>4. 
The CH3NO2 solution was filtered and the solvent evaporated. The product was purified 
by column chromatography (SiC>2) using CH30H:2M NH4CI (aq): CH3NO2 (7:2:1) as the 
eluent. Like fractions were combined and the solvent evaporated. The residue was 
dissolved in CH3NO2 and H2O and NaOTf added to anion exchange the rotaxane. The 
layers were separated and the organic layer dried with MgSC>4 and filtered. The CH3NO2 
was evaporated yielding an orange solid (Rf = 0.31, 0.167 g, 33 %).
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Table 2.13 'H NMR of [2-6cB24C8][OTfl4 in CD3CN. MWOTr= 1631.634 g/mol
Proton 5 (ppm) Multiplicity #  Protons /(H z )
a 1.33 s 18 —
b 7.57 d 4 3/ bc = 8.26
c 7.48 d 4 3Jcb =  8.26
d 5.82 s 4 —
e 9.00 d 4 3Jef=6.46
f 8.31 d 4 Vfe =  6.46
g 8.36 d 4 3/ gh =  6.53
h 9.29 d 4 3/ hg =  6.53
i 5.48 s 4 —
1 6.69 dd 4 /n e ta =  3.58; /ortho =  5.59
2 6.47 dd 4 /n e ta =  3.58; /ortho =  5.59
3-9 3.18-4.03 m 24 —
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2.6.10 Synthesis of [2-6<zDB24C8]4+
[2-2][OTfJ2 (0.200 g, 3.13 x k t 4 mol), DB24C8 (0.843 g, 1.88 x 10'3 mol) and 
/-butylbenzyl bromide (0.427g, 1.88 x 10'3 mol) were dissolved in a two layer solution of 
CH3N 02/Na0Tf(aq) (20 mL, 3:1) and stirred for five days. The two layers were separated 
and the CH3NO2 layer washed twice with water, then subsequently dried with MgSC>4. 
The CH3NO2 solution was filtered and the solvent evaporated. The product was purified 
by column chromatography (Si02) using CH30H:2M NH4CI (aq): CH3NO2 (7:2:1) as the 
eluent. Like fractions were combined and the solvent evaporated. The residue was 
dissolved in CH3NO2 and H20  and NaOTf added to anion exchange the rotaxane. The 
layers were separated and the organic layer dried with MgSCL and filtered. The CH3NO2 
was evaporated yielding an orange solid (Rf= 0.38, 0.340 g, 65 %) ESI-MS: m/z [2- 
6cDB24C8 - 20Tf]2+ calc. 690.2581, found 690.2559.
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Table 2.14 -  *H NMR of [2-6cDB24C8][OTf]4 in CD3CN. MWOTf  = 1679.677 g/mol
Proton 6  (ppm) Multiplicity # Protons /(H z)
a 1.32 s 18 —
b 7.58 d 4 3Jbc = 8.24
c 7.48 d 4 Vcb = 8.24
d 5.81 s 4 —
e 8.96 d 4 3./ef=6.45
f 8.16 d 4 3/fe = 6.45
g 8.22 d 4 3Jgh = 6.52
h 9.31 d 4 3Jhg = 6.52
i 5.60 s 4 —
1 6.64 dd 4 /neta ~~ 3.58j /ortho — 5.59
2 6.41 dd 4 /neta — 3.58j />rtho — 5.59
3-5 4.00-4.05 m 24 —
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2.6.11 Synthesis o f [2-6cBN24C8]4+
[2-2][OTfj2 (0.200 g, 3.13 x 10'4 mol), BN24C8 (0.937g, 1.88 x 10'3 mol) and 
f-butylbenzyl bromide (0.427g, 1.88 x 10'3 mol) were dissolved in a two layer solution of 
CH3N 02/Na0Tf(aq) (20 mL, 3:1) and stirred for five days. The two layers were separated 
and the CH3NO2 layer washed twice with water, then subsequently dried with MgSC>4. 
The CH3NO2 solution was filtered and the solvent evaporated. The product was purified 
by column chromatography (Si02) using CH3OH:2M NH4CI (aq):CH3N0 2 (7:2:1) as the 
eluent. Like fractions were combined and the solvent evaporated. The residue was 
dissolved in CH3NO2 and H20  and NaOTf added to anion exchange the rotaxane. The 
layers were separated and the organic layer dried with MgSC>4 and filtered. The CH3NO2 
was evaporated yielding an orange solid (Rf = 0.38, 0.214 g, 40 %) ESI-MS: m/z [2- 
6cBN24C8 - 20Tf]2+ calc. 715.2660, found 715.2667.
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Table 2.15 -  *H NMR of |2-6c=BN24C8]|OTf]4 in CD3CN. MWOTr= 1729.736 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z )
a 1.35 s 18 —
b 7.62 d 4 Vbc = 8.32
c 7.49 d 4 3Jcb = 8.32
d 5.72 s 4 —
e 8.77 d 4 3Jef=6.49
f 7.93 d 4 3Jfe = 6.49
g 8.21 d 4 3Jgh = 6.52
h 9.32 d 4 3/ hg = 6.52
i 5.63 s 4 —
1 6.82 dd 2 /neta — 3.20; /ortho — 6.07
2 7.30 dd 2 /neta — 3.20; /ortho — 6.07
3 6.98 s 2 —
4-9 4.01-4.18 m 24 —
1 0 6.37 dd 2 /neta- 3.69; /ortho-  5.85
1 1 6.63 dd 2 /neta- 3.69; />rtho— 5.85
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2.6.12 Synthesis of [2-6cN24C8]4+
[2 -2 ][OTf] 2 (0.200 g, 3.13 x 10’4 mol), N24C8 (0.847 g, 1.88 x 10‘3 mol) and 
f-butylbenzyl bromide (0.427g, 1.88 x 10'3 mol) were dissolved in a two layer solution of 
CH3N 02/Na0Tf(aq) (20 mL, 3:1) and stirred for five days. The two layers were separated 
and the CH3NO2 layer washed twice with water, then subsequently dried with MgSC>4. 
The CH3NO2 solution was filtered and the solvent evaporated. The product was purified 
by column chromatography (Si02) using CH3OH:2M NH4CI (aq):CH3N 02 (7:2:1) as the 
eluent. Like fractions were combined and the solvent evaporated. The residue was 
dissolved in CH3NO2 and H20  and NaOTf added to anion exchange the rotaxane. The 
layers were separated and the organic layer dried with MgSC>4 and filtered. The CH3NO2 
was evaporated yielding an orange solid (Rf = 0.31, 0.117 g, 22 %) ESI-MS: m/z [2- 
6cN24C8 - 20Tf]2+ calc. 691.2659, found 691.2656.
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Flip-Switches 64
1 2
Table 2.16 -  *H NMR of [2-6cN24C8][OTf)4 in CD3CN. MWOTr=  1681.693 g/mol
Proton 6 (ppm) Multiplicity # Protons /(H z )
a 1.33 s 18 —
b 7.61 d 4 3Jbc = 8.26
c 7.49 d 4 Vcb = 8.26
d 5.74 s 4 —
e 8.81 d 4 3Jef=6.46
f 8.11 d 4 Vfe = 6.46
g 8.38 d 4 3/ gh = 6.53
h 9.31 d 4 3/ hg = 6.53
i 5.51 s 4 —
1 6.86 d 2 /neta — 3.58^ /ortho — 5.59
2 7.32 d 2 /neta — 3.58j /ortho — 5.59
3 7.00 s 2 —
4-10 3.10-4.18 m 24 —
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2.6.13 Synthesis of [2-6cDN24C8]4+
[2-2][OTfh (0.200 g, 3.13 x k t 4 mol), DN24C8 (1.03g, 1.88 x 10'3 mol) and 
/-butylbenzyl bromide (0.427g, 1.88 x 10'3 mol) were dissolved in a two layer solution of 
CH3N 0 2/Na0Tf(aq) (20 mL, 3:1) and stirred for five days. The two layers were separated 
and the CH3NO2 layer washed twice with water, then subsequently dried with MgSC>4. 
The CH3NO2 solution was filtered and the solvent evaporated. The product was purified 
by column chromatography (Si02) using CH3OH:2M NH4CI (aq):CH3N0 2 (7:2:1) as the 
eluent. Like fractions were combined and the solvent evaporated. The residue was 
dissolved in CH3NO2 and H20  and NaOTf added to anion exchange the rotaxane. The 
layers were separated and the organic layer dried with MgSCL and filtered. The CH3NO2 
was evaporated yielding an orange solid (Rf = 0.38, 0.190 g, 34 %) ESI-MS: m/z 
[2-6<=DN24C8 - 20Tf]2^  calc. 740.2738, found 740.2751.
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Table 2.17 -  'H NMR of [2-6cDN24C8][OTfl4 in CD3CN. MW0xr = 1779.794 g/mol
Proton 5 (ppm) Multiplicity # Protons /(H z )
a 1.37 s 18 —
b 7.65 d 4 3Jbc = 8.29
c 7.50 d 4 3Jcb = 8.29
d 5.66 s 4 —
e 8.57 d 4 3Je f =6.44
f 7.70 d 4 3Jfe = 6.44
g 8.20 d 4 3/gh = 6.51
h 9.32 d 4 3/ hg = 6.51
i 5.64 s 4 —
1 6.85 dd 4 Jmeta = 3.20; Jortho = 5.94
2 7.29 dd 4 Jmeta = 3.15; Jortho = 5.94
3 6.98 s 4 —
4-6 4.11-4.19 m 24 --
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2.6.14 Synthesis o f 2-73+
[2 -3 ][OTf]2 (0.100 g, 1.70 x 10'4 mol) and /-butylbenzyl bromide (0.115g, 5.09 x 
10‘4 mol) were dissolved in a CH3CN and stirred for five days. The precipitate that 
formed was filtered and the filtrate evaporated. The filtrate was stirred in CH2CI2 to 
remove excess /-butylbenzyl bromide. The resulting precipitate was filtered and 
combined with the first precipitate and all dissolved in H2O. NaOTf was added to the 
solution resulting in precipitation of the product as the triflate salt. The white precipitate 
was collected by vacuum filtration. (0.0800 g, 53 %) ESI-MS: m/z [2-7 - OTf]+ calc. 
736.1944, found 736.1932.
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Table 2.18 -  'll NM R of [2 -7 ][OTfl3 in CD3CN. MW OTr = 885.834 g/mol
Proton 5 (ppm) Multiplicity # Protons /(H z)
a 1.30 s 9 —
b 7.54 d 2 Vbc = 8.36
c 7.45 d 2 3/ cb = 8.36
d 5.80 s 2 —
e 9.01 d 2 3/ ef=6.75
f 8.42 d 2 3/ fe = 6.75
g 8.46 d 2 3/gh = 6.82
h 9.23 d 2 3/ hg = 6.82
i 5.32 t 2 3/ j  = 6.90
j 5.14 t 2 3/ji = 6.90
k 8.73 s 2 —
1 8.23 s 1 —
m 2.48 s 6 —
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2.6.15 Synthesis o f [2-7c24C8]3+
[2-3][OTfh (0.134 g, 2.27 x 10'4 mol), 24C8 (0.800 g, 2.27 x 10'3 mol) and 
/-butylbenzyl bromide (0.155 g, 6.81 x 10'4 mol) were dissolved in CH3CN and stirred for 
five days. The solution was filtered and the filtrate evaporated. The filtrate was stirred in 
toluene to get rid of excess crown and /-butylbenzyl bromide. This was filtered and the 
filtrate evaporated. The residue was purified by preparative TLC using 7:4:3 
CH30H:CH3N02:2M NH4CI. The band with Rf = 0.76 was collected and the compound 
isolated using the same eluent to extract the product from the silica gel. The solvents were 
evaporated and the residue dissolved in a two phase CH3N02/Na0 Tf(aq) mixture. The 
CH3NO2 layer was washed two times with water, then dried with MgSC>4, filtered and 
evaporated to yield [2-7c=24C8]3+ as white powder. (0.0200 g, 7 %) ESI-MS: m/z 
[2-7c24C8 - O T ff calc. 1088.4041, found 1088.4034.
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Table 2.19 - ‘H NMR of [2-■7cz24C8] [OTf]3 in CD3CN. MWoxr = 1238.2548 g/mol
Proton 8  (ppm) Multiplicity # Protons /(H z)
a 1.32 s 9 —
b 7.56 d 2 3Jbc = 8.34
c 7.47 d 2 3J cb = 8.34
d 5.82 s 2 —
e 9.03 d 2 3Je f=6.68
f 8.47 d 2 3J fe = 6.68
g 8.51 d 2 3Jgh = 6.79
h 9.27 d 2 3Jhg = 6.79
i 5.35 m 2 —
j 5.23 m 2 —
k 8.74 s 2 —
1 8.24 s 1 —
m 2.55 s 6 —
1-4 3.48 m 32 —
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2.6.16 Synthesis o f [2-7cB24C8]3+
[2-3][OTfh (0.100 g, 1.70 x 10'4 mol), B24C8 (0.288 g, 7.19 x lO 4^ mol) and 
r-butylbenzyl bromide (0.116g, 5.09 x 10'4 mol) were dissolved in CH3CN and stirred for 
five days. The solution was filtered and the filtrate evaporated. The filtrate was stirred in 
toluene to get rid of excess crown. This was filtered and the filtrate evaporated. The 
residue was purified by column chromatography (SiCh) using CHsOH:2M NH4CI (aq): 
CH3NO2 (7:2:1) as the eluent. Like fractions were combined and the solvent evaporated. 
The residue was dissolved in CH3NO2 and H2O and NaOTf added to anion exchange the 
rotaxane. The layers were separated and the organic layer dried with MgSC>4 and filtered. 
The CH3NO2 was evaporated yielding an orange solid (Rf= 0.43, 0.0590 g, 27 %) ESI- 
MS: m/z [2-7<=B24C8 - 20Tf]2+ calc. 1136.4041, found 1136.4047.
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Table 2.20 -  'H NMR of [2-7cB24C8][OTf]3 in CD3CN. MWOTr= 1286.298 g/mol
Proton 8  (ppm) Multiplicity # Protons /(H z )
a 1.32 s 9 —
b 7.56 d 2 Vbc = 8.38
c 7.49 d 2 3Jcb = 8.38
d 5.82 s 2 —
e 9.03 d 2
00'OII
f 8.35 d 2 3/ fe = 6.81
S 8.38 d 2 3Jgh = 6.83
h 9.27 d 2 3/ hg = 6.83
i 5.39 s 2 —
j 5.30 s 2 —
k 8.68 s 2 —
1 8.07 s 1 —
m 2.44 s 6 —
1 6.75 dd 2 •Tmeta =  3.58; /ortho =  5.95
2 6.61 dd 2 /neta — 3.58; /ortho = 5.95
3-9 3.23-3.95 m 28 —
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2.6.17 Synthesis o f [2-7cD B 24C 8]3+
[2-3][OTfJ2 (0.200 g, 3.48 x 10'4 mol), DB24C8 (0.935g, 2.09 x 10‘3 mol) and 
f-butylbenzyl bromide (0.237g, 1.04 x 1 O'3 mol) were dissolved in a two layer solution of 
CH3N 0 2/Na0Tf(aq) (20 mL, 3:1) and stirred for five days. The two layers were separated 
and the MeN02 layer washed twice with water, then subsequently dried with MgS04 . 
The CH3NO2 solution was filtered and the solvent evaporated. The product was purified 
by column chromatography (Si02) using CH3OH:2M NH4CI (aq):CH3N 02 (7:2:1) as the 
eluent. Like fractions were combined and the solvent evaporated. The residue was 
dissolved in CH3N 02 and H20  and NaOTf added to anion exchange the rotaxane. The 
layers were separated and the organic layer dried with MgSC>4 and filtered. The CH3N 0 2 
was evaporated yielding an orange solid (Rf = 0.54, 0.190 g, 41 %) ESI-MS: m/z 
[2-7cDB24C8 - O T ff calc. 1184.4041, found 1184.4028.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Flip-Switches 74
m
a
Table 2.21 -  *H NMR of [2-7cDB24C8][OTfj3 in CD3CN. MWoxr = 1334.340g/mol
Proton 5 (ppm) Multiplicity # Protons /(H z)
a 1.32 s 9 ~
b 7.58 d 2 3Jbc = 8.27
c 7.47 d 2 3Jcb = 8.27
d 5.80 s 2 —
e 8.97 d 2 3/ef=6.48
f 8.12 d 2 Vfe = 6.48
g 8.16 d 2 Vgh -  6.49
h 9.34 d 2 3 Jhg = 6.49
i 5.49 m 2 —
j 5.36 m 2 —
k 8.57 s 2 —
1 7.76 s 1 —
m 2.26 s 6 —
1 6.71 dd 4 •Aneta — 3.53, <A)rtho — 5.81
2 6.64 dd 4 •Aneta = 3.53; /ortho= 5.81
3-5 3.91-4.08 m 24 —
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2.6.18 Synthesis o f [2-7cBN24C8]3+
[2-3][OTfJ2 (0.200 g, 3.39 x 10'4 mol), BN24C8 (0.676 g, 0.00135 mol) and 
f-butylbenzyl bromide (0.231 g, 0.00102 mol) were dissolved in a two layer solution of 
CH3N02/Na0 Tf(aq) (20 mL, 3:1) and stirred for five days. The two layers were separated 
and the CH3NO2 layer washed twice with water, then subsequently dried with MgSC>4 . 
The CH3NO2 solution was filtered and the solvent evaporated. The product was purified 
by column chromatography (SiC^) using CH30H:2M NH4CI (aq):CH3NC>2 (7:2:1) as the 
eluent. Like fractions were combined and the solvent evaporated. The residue was 
dissolved in CH3NO2 and H2O and NaOTf added to anion exchange the rotaxane. The 
layers were separated and the organic layer dried with MgSC>4 and filtered. The CH3NO2 
was evaporated yielding an orange solid (Rf = 0.54, 0.168 g, 36 %) ESI-MS: m/z 
[2-7<=BN24C8 - O T ff calc. 1234.4198, found 1234.4169.
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Table 2.22 -  'll NMR of [2-7cBN24C8] [OTfb in CD3CN. MWOTr= 1384.399 g/mol
Proton 8  (ppm) Multiplicity # Protons /(H z)
a 1.32 s 9 —
b 7.58 d 2 3/ bc = B.27
c 7.47 d 2 3Job = 8.27
d 5.80 s 2 —
e 8.97 d 2 3/ef=6.48
f 8.12 d 2 3/ fe = 6.48
g 8.16 d 2 Vgh = 6.49
h 9.34 d 2 3/ hg = 6.49
i 5.50 m 2 —
j 5.36 m 2 --
k 8.57 s 2 —
1 7.76 s 1 —
m 2.35 s 6 --
1 6.71 dd 2 /neta — 3.53; </>rtho — 5.81
2 6.64 dd 2 /neta — 3.53; ./ortho — 5.81
3-5 4.08-3.91 m 2 --
4-9 4.37-3.92 m 24 —
1 0 6.65 m 2 —
1 1 6.69 m 2 —
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2.6.19 Synthesis o f [2-7cN24C8]3+
[2-3][OTfh (0.200 g, 3.39 x 10’4 mol), N24C8 (0.917 g, 2.04 x 10'3 mol) and 
f-butylbenzyl bromide (0.23 lg, 1.02 x 10'3 mol) were dissolved in CH3CN and stirred for 
five days. The solution was filtered and the filtrate evaporated. The filtrate was stirred in 
toluene to get rid of excess crown. This was filtered and the filtrate evaporated. The 
residue was purified by column chromatography (SiCL) using CH30H:2M NH4CI (aq): 
CH3NO2 (7:2:1) as the eluent. Like fractions were combined and the solvent evaporated. 
The residue was dissolved in CH3NO2 and H2O and NaOTf added to anion exchange the 
rotaxane. The layers were separated and the organic layer dried with MgS04 and filtered. 
The CH3NO2 was evaporated yielding an orange solid (Rf = 0.41, 0.147 g, 33 %) ESI- 
MS: m/z [2-7<=N24C8 - O T ff calc. 1186.4233, found 1186.4203.
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Table 2.23 -  ‘H NMR of [2-7cN24C8][OTf]3 in CD3CN. MWOTr= 1336.356 g/mol
Proton 6  (ppm) Multiplicity # Protons /(H z)
a 1.34 s 9 —
b 7.61 d 2 3Jbc = 8.36
c 7.53 d 2 3Jcb = 8.36
d 5.68 s 2 —
e 8.72 d 2 3Je f= 6.63
f 7.92 d 2 3Jfe = 6.63
g 8.31 d 2 3Jgh = 6.70
h 9.20 d 2 3Jhg = 6.70
i 5.37 s 2 —
j 5.37 s 2 —
k 8.78 s 2 —
1 8.19 s 1 —
m 2.52 s 6 —
1 6.86 dd 2 •Tmeta — 3.25; /ortho — 6.05
2 7.36 dd 2 •Trneta — 3.25; /jrtho — 6.05
3 7.04 s 2 —
4-10 3.14-4.42 m 28 —
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2.6.20 Synthesis o f [2-7cDN24C8]3+
[2-3][OTf]2 (0.115 g, 2.00 x 10'4 mol), DN24C8 (0.660g, 1.20 x 10'3 mol) and 
f-butylbenzyl bromide (0.136g, 6.00 x 10"4 mol) were dissolved in a two layer solution of 
CH3N 02/Na0Tf(aq) (20 mL, 3:1) and stirred for five days. The two layers were separated 
and the CH3NO2 layer washed twice with water, then subsequently dried with MgSC>4. 
The CH3NO2 solution was filtered and the solvent evaporated. The product was purified 
by column chromatography (Si02) using CH30H:2M NH4CI (aq):CH3N02 (7:2:1) as the 
eluent. Like fractions were combined and the solvent evaporated. The residue was 
dissolved in CH3NO2 and H20  and NaOTf added to anion exchange the rotaxane. The 
layers were separated and the organic layer dried with MgSC>4 and filtered. The CH3NO2 
was evaporated yielding an orange solid (Rf = 0.55, 0.157 g, 55 %) ESI-MS: m/z 
[2-7cDN24C8 - O T ff calc. 1284.4354, found 1284.4335.
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Table 2.24 -  XH NMR of |2-7cDN24C8]IOTf]3 in CD3CN. MWOTr=  1434.458g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z )
a 1.37 s 9 —
b 7.66 d 2 3Jbc = 8.33
c 7.46 d 2 3JCb = 8.33
d 5.59 s 2 —
e 8.41 d 2 V ef=6.50
f 7.15 d 2 3Jfe = 6.50
g 7.80 d 2 Vgh = 6.61
h 9.26 d 2 3Jhg = 6.61
i 5.49 m 2 —
j 5.49 m 2 —
k 8.76 s 2 —
1 7.87 s 1 —
m 2.39 s 6 —
1 6.98 dd 4 /meta — 3.21 j /ortho ~ 6.09
2 7.37 dd 4 /neta — 3.21 j /ortho — 6.09
3 6.96 m 4 —
4-6 4.27-3.97 m 24 —
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2.6.21 Synthesis o f  2-83+
[2-4][OTfj2 (0.100 g, 1.62 x 10"4 mol) and /-butylbenzyl bromide (O.llOg, 4.86 x 
10'4 mol) were dissolved in CH3CN and stirred for five days. The precipitate that formed 
was filtered and the filtrate evaporated. The filtrate was stirred in CH2CI2 to get rid of 
excess /-butylbenzyl bromide. The resulting precipitate was filtered and combined with 
the first precipitate and all dissolved in H2O. NaOTf was added to the solution resulting in 
precipitation of the product as the triflate salt. The white precipitate was collected by 
vacuum filtration. (0.0830 g, 56 %) ESI-MS: m/z [2-8 - OTf]+ calc. 764.2263, found 
764.2234.
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Table 2.25 -  'll NMR of [2-8][OTfJ3 in CD3CN. MW0 rr = 913.887 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 1.31 s 9 —
b 7.55 d 2 Vbc = 8.37
c 7.45 d 2 3/ cb = 8.37
d 5.80 s 2 —
e 9.00 d 2 3/ ef=6.78
f 8.42 d 2 3J fe = 6.78
g 8.46 d 2 3/ gh = 6.86
h 8.96 d 2 3Jhg = 6.86
i 5.18 t 2 = 6.69
j 5.09 t 2 Vji = 6.69
k 8.64 d 2 3Jki = 6.90
1 8.07 d 2 3Jik = 6.90
m 1.40 s 9 —
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2.6.22 Synthesis of [2-8cB24C8]3+
[2-4][OTf]2 (0.200 g, 3.24 x 10‘4 mol), B24C8 (0.778 g, 1.94 x 10'3 mol) and 
r-butylbenzyl bromide (0.441 g, 1.94 x 10'3 mol) were dissolved in a two layer solution of 
CH3N02/Na0 Tf(aq) (20 mL, 3:1) and stirred for five days. The two layers were separated 
and the CH3NO2 layer washed twice with water, then subsequently dried with MgSCL. 
The CH3NO2 solution was filtered and the solvent evaporated. The product was purified 
by column chromatography (Si02) using CH30H:2M NH4CI (aq):CH3NC>2 (7:2:1) as the 
eluent. Like fractions were combined and the solvent evaporated. The residue was 
dissolved in CH3NO2 and H2O and NaOTf added to anion exchange the rotaxane. The 
layers were separated and the organic layer dried with MgSC>4 and filtered. The CH3NO2 
was evaporated yielding an orange solid (Rf = 0.46, 0.138g, 32 %) ESI-MS: m/z 
[2-8cB24C8 - 20Tf]2+ calc. 507.7414, found 507.7392.
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Table 2.26 -  lU NMR of [2-8c=B24C8] [OTffc in CD3CN. MWOTr= 1314.351 g/mol
Proton 6 (ppm) Multiplicity # Protons J  (Hz)
a 1.32 s 9 —
b 7.57 d 2 Vbc = 8.29
c 7.47 d 2 V cb = 8.29
d 5.81 s 2 —
e 8.98 d 2 3Jef=6.54
f 8.25 d 2 Vfe = 6.54
g 8.28 d 2 3Jgh = 6.65
h 9.26 d 2 3Jh g = 6.65
i 5.40 m 2 —
j 5.35 m 2 —
k 8.92 s 2 —
1 8.02 s 2 —
m 1.38 s 9 —
1 6.72 dd 2 •Tmeta= 3.58; ./ortho — 5.68
2 6.57 dd 2 ■Tmeta= 3.58; ./ortho = 5.68
3-9 3.20-4.13 m 28 —
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2.6.23 Synthesis o f [2-8cDB24C8]3+
[2-4] [OTf]2 (0.150 g, 2.43 x 10'4 mol), DB24C8 (0.87lg, 1.94 x 10'3 mol) and 
/-butylbenzyl bromide (0.166g, 7.29 x 10‘4 mol) were dissolved in a two layer solution of 
CH3N 02/Na0Tf(aq) (20 mL, 3:1) and stirred for five days. The two layers were separated 
and the CH3NO2 layer washed twice with water, then subsequently dried with MgSC>4. 
The CH3NO2 solution was filtered and the solvent evaporated. The product was purified 
by column chromatography (Si02) using CH3OH:2M NH4Cl(aq):CH3N0 2 (7:2:1) as the 
eluent. Like fractions were combined and the solvent evaporated. The residue was 
dissolved in CH3NO2 and H20  and NaOTf added to anion exchange the rotaxane. The 
layers were separated and the organic layer dried with MgSQ* and filtered. The CH3NO2 
was evaporated yielding an orange solid (Rf = 0.51, 0.191 g, 58 %) ESI-MS: m/z 
[2-8<=DB24C8 - O T ff calc. 1212.4354, found 1212.4415
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Flip-Switches 86
Table 2.27 - 'll NMR of [2-8cDB24C8] [OTfja in CD3C N .. MWOTr= 1362.394 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 1.32 s 9 —
b 7.57 d 2 3/bc = 8.36
c 7.52 d 2 V * = 8.36
d 5.88 s 2 —
e 9.11 d 2 3/ e f =6.46
f 8.26 d 2 3Jfe = 6.46
g 8.32 d 2 3Jgh = 6.56
h 9.31 d 2 3Jhg = 6.56
i 5.56 m 2 —
j 5.44 m 2 —
k 8.99 d 2 3/ ki = 6.67
1 7.85 d 2 Vik = 6.67
m 1.22 s 9 —
1 6.69 dd 4 /rneta — 3.56j ./ortho ~ 5.80
2 6.57 dd 4 J\neta — 3.56; ./ortho — 5.80
3-5 3.95-4.14 m 24 —
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2.6.24 Synthesis o f [2-8cBN24C8]3+
[2-4][OTfh (0.150 g, 2.43 x 10’4 mol), BN24C8 (0.484 g, 9.72 x KT4 mol) and 
/-butylbenzyl bromide (0.166g, 7.29 x 10'4 mol) were dissolved in a two layer solution of 
CH3N02/Na0 Tf(aq) (20 mL, 3:1) and stirred for five days. The two layers were separated 
and the CH3NO2 layer washed twice with water, then subsequently dried with MgSC>4. 
The CH3NO2 solution was filtered and the solvent evaporated. The product was purified 
by column chromatography (SiC^) using CH3OH:2M NH4Cl(aq):CH3N02 (7:2:1) as the 
eluent. Like fractions were combined and the solvent evaporated. The residue was 
dissolved in CH3NO2 and H2O and NaOTf added to anion exchange the rotaxane. The 
layers were separated and the organic layer dried with MgSCL and filtered. The CH3NO2 
was evaporated yielding an orange solid (Rf = 0.56, 0.063 g, 18 %) ESI-MS: m/z 
[2-8cBN24C8 - OTf]+ calc. 1262.4511, found 1262.4526.
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Table 2.28 -  *H NMR of [2-8<=BN24C8][OTf]3 in CD3CN. MWorr= 1412.452 g/mol
Proton 5 (ppm) Multiplicity # Protons /(H z)
a 1.36 s 9 —
b 7.64 d 2 3/ bc = 8.27
c 7.49 d 2 3/ cb = 8.27
d 5.65 s 2 —
e 9.02 d 2 3Jef= 6 .4 6
f 7.91 d 2 3Jfe = 6.46
g 7.98 d 2 3/ gh = 6.56
h 9.28 d 2 3/ hg = 6.56
i 5.55 m 2 —
j 5.45 m 2 —
k 8.62 d 2 Vk, = 6.67
1 7.62 d 2 3/ k = 6.67
m 1.21 s 9 —
1 6.86 dd 2 •Tmeta= 3.22; /ortho = 6.09
2 7.34 dd 2 /neta = 3.22; /ortho = 6.09
3 6.96 s 2 —
4-9 3.93-4.32 m 24 —
10 6.58 dd 2 /neta = 3.59; /ortho -  5.88
11 6.65 dd 2 /neta = 3.59; /ortho = 5.88
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2.6.25 Synthesis o f [2-8cN24C8]3+
[2-4][OTfh (0.200 g, 3.24 x 10‘4 mol), N24C8 (0.874 g, 1.94 x 10’3 mol) and 
/-butylbenzyl bromide (0.441 g, 1.94 x 10'3 mol) were dissolved in a two layer solution of 
CH3N02/Na0 Tf(aq) (20 mL, 3:1) and stirred for five days. The two layers were separated 
and the CH3NO2 layer washed twice with water, then subsequently dried with MgS04. 
The CH3NO2 solution was filtered and the solvent evaporated. The product was purified 
by column chromatography (Si02) using CH3OH:2M NH4Cl(aq):CH3N02 (7:2:1) as the 
eluent. Like fractions were combined and the solvent evaporated. The residue was 
dissolved in CH3NO2 and H2O and NaOTf added to anion exchange the rotaxane. The 
layers were separated and the organic layer dried with MgS04 and filtered. The CH3NO2 
was evaporated yielding an orange solid (Rf = 0.47, 0.186 g, 42 %) ESI-MS: m/z 
[2-8cN24C8 - 20Tf]2+ calc. 532.7493, found 532.7515.
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Table 2.29 -  ‘H NMR of (2-8c=N24C8][OTf]3 in CD3CN. MWOTr=  1364.409 g/mol
Proton 5 (ppm) Multiplicity # Protons J  (Hz)
a 1.36 s 9 —
b 7.64 d 2 3Jbc = 8.25
c 7.48 d 2 3Jcb = 8.25
d 5.65 s 2 —
e 8.61 d 2 3Jef=6.49
f 7.78 d 2 3Jfe = 6.49
g 8.17 d 2 3Jgh = 6.60
h 9.24 d 2 3Jhg = 6.60
i 5.40 s 2 —
j 5.40 s 2 —
k 8.98 d 2 3Jki = 6.70
1 8.10 d 2 3Jik = 6.70
m 1.39 s 9 —
1 6.94 dd 2 •Tmeta= 3.18; Jortho = 5.96
2 7.36 dd 2 Jmeta= 3.18; Jortho = 5.96
3 7.00 s 2 —
4-10 3.09-4.37 m 28 —
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2.6.26 Synthesis o f [2-8cDN24C8]3+
[2-4] [OTf]2 (0.150 g, 2.43 x 10'4 mol), DN24C8 (0.533g, 1.94 x 10'3 mol) and 
t-butylbenzyl bromide (0.166g, 7.29 x 10'4 mol) were dissolved in a two layer solution of 
CH3N 0 2/Na0Tf(aq) (20 mL, 3:1) and stirred for five days. The two layers were separated 
and the CH3NO2 layer washed twice with water, then subsequently dried with MgSC>4. 
The CH3NO2 solution was filtered and the solvent evaporated. The product was purified 
by column chromatography (Si02) using CH30H;2M NH4Cl(aq):CH3N02 (7:2:1) as the 
eluent. Like fractions were combined and the solvent evaporated. The residue was 
dissolved in CH3NO2 and H20  and NaOTf added to anion exchange the rotaxane. The 
layers were separated and the organic layer dried with MgSC>4 and filtered. The CH3NO2 
was evaporated yielding an orange solid (Rf = 0.58, 0.150 g, 42 %) ESI-MS: m/z 
[2-8cDN24C8 - OTf]+ calc. 1312.4667, found 1312.4719.
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Table 2.30 -  *H NMR of |2-8cDN24C8][OTf|3 in CD3CN. MWOTr = 1462.511 g/mol
Proton 6 (ppm) Multiplicity # Protons /(H z)
a 1.32 s 9 —
b 7.66 d 2 3/ bc = 8.34
c 7.47 d 2 3Jcb = 8.34
d 5.59 s 2 —
e 9.04 d 2 3Je f= 6.67
f 7.94 d 2 3Jfe = 6.67
g 7.86 d 2 3Jgh = 6.67
h 9.27 d 2 3/ hg = 6.67
i 5.56 m 2 —
j 5.48 m 2 —
k 8.43 d 2 3Jk) = 6.56
1 7.22 d 2 3/k  = 6.56
m 1.13 s 9 —
1 6.96 dd 4 /neta ~ 3.23 j /ortho — 5.96
2 7.36 dd 4 /neta — 3.23j />rtho — 5.96
3 6.95 m 4 —
4-6 3.74-4.29 m 24 —
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2.6.27 Synthesis o f 2-94+
[2-5][OTf]2 (0.0150 g, 2.24 x 10'5 mol) and f-butylbenzyl bromide (0.0255g, 1.12 
x 10'4 mol) were dissolved in CH3CN and stirred for three days. The precipitate that 
formed was filtered and collected. The precipitate was dissolved in H2O and NaOTf was 
added resulting in precipitation of the product as the triflate salt. The white precipitate 
was stirred in CH2CI2 and collected by vacuum filtration. (0.0030 g, 10 %)
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Table 2.31 -  'H NMR of [2-9][OTfj4 in CD3CN. MWOTr  = 1281.230 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z )
a 1.32 s 9 --
b 7.53 d 2 3Jbc = 8.48
c 7.45 d 2 3JCb = 8.48
d 5.79 s 2 —
e 9.00 d 2 V ef=6.68
f 8.44 d 2 3Jfe = 6.68
g 8.48 d 2 3/gh = 6.83
h 9.11 d 2 3/hg = 6.83
i 5.53 m 2 —
j 5.76 m 2 —
k 10.16 s 2 —
1 8.87 s 2 —
m 8.87 s 2 —
n 10.03 s 2 —
0 6.26 s 2 —
P 7.56 d 2 Vpq = 8.45
q 7.59 d 2 3/ qp = 8.45
r 1.32 s 9 —
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2.6.28 Synthesis of [2-9cDB24C8]4+
[2-5][OTffe (0.030 g, 5.47 x 10'5 mol), DB24C8 (0.245 g, 5.47 x 10'4 mol) and 
/-butylbenzyl bromide (0.075 g, 3.28 x 10'4 mol) were dissolved in a two layer solution of 
CH3N02/Na0 Tf(aq) (20 mL, 3:1) and stirred for five days. The two layers were separated 
and the CH3NO2 layer washed twice with water, then subsequently dried with MgS04 . 
The CH3NO2 solution was filtered and the solvent evaporated. The product was purified 
by column chromatography (SiC>2) using CH30H:2M NH4Cl(aq):CH3N02 (7:2:1) as the 
eluent. Like fractions were combined and the solvent evaporated. The residue was 
dissolved in CH3NO2 and H2O and NaOTf added to anion exchange the rotaxane. The 
layers were separated and the organic layer dried with MgSC>4 and filtered. The CH3NO2 
was evaporated yielding an orange solid (Rf = 0.35, 0.020 g, 21 %) ESI-MS: m/z 
[2-9cDB24C8 - 3 0 T ff+ calc. 427.1931, found 427.1943.
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Table 2.32 -  'H NMR of [2-9cDB24C8][OTf|4 in CD3CN. MWOIr = 1729.736 g/mol
Proton 5 (ppm) Multiplicity # Protons /(H z)
a 1.32 s 9 —
b 7.59 d 2 3Jbc = 8.25
c 7.49 d 2 3/cb = 8.25
d 5.82 s 2 —
e 8.99 d 2 Vef=6.78
f 8.24 d 2 3Jfe = 6.78
g 8.33 d 2 3/ gh = 6.78
h 9.41 d 2 3Jhg -  6.78
i 5.56 m 2 —
j 6.11 m 2 —
k 10.28 s 2 —
1 8.69 d 2 Vim = 9.10
m 8.73 d 2 Vml = 9.10
n 9.93 s 2 —
0 6.26 s 2 —
P 7.61 d 2 Vpq = 8.25
q 7.67 d 2 3/qp = 8.25
r 1.30 s 9 —
1 6.14 dd 4 /meta — 3.80; /ortho — 5.82
2 5.81 dd 4 /meta — 3.80; / Ortho ~ 5.82
3-5 3.86-4.30 m 24 —
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2.6.29 Synthesis o f [2-9cBN24C8]4+
[2-5] [OTf]2  (0.030 g, 4.37 x 10'5 mol), BN24C8 (0.218 g, 4.37 x 10‘4 mol) and 
f-butylbenzyl bromide (0.060 g, 2.62 x 10'4 mol) were dissolved in a two layer solution of 
CH3N02/Na0 Tf(aq) (20 mL, 3:1) and stirred for five days. The two layers were separated 
and the CH3NO2 layer washed twice with water, then subsequently dried with MgSC>4. 
The CH3NO2 solution was filtered and the solvent evaporated. The product was purified 
by column chromatography (Si02) using CH30H:2M NH4Cl(aq):CH3N02 (7:2:1) as the 
eluent. Like fractions were combined and the solvent evaporated. The residue was 
dissolved in CH3NO2 and H2O and NaOTf added to anion exchange the rotaxane. The 
layers were separated and the organic layer dried with MgS04 and filtered. The CH3NO2 
was evaporated yielding an orange solid (Rf = 0.33, 0.021 g, 27 %) ESI-MS: m/z 
[2-9cBN24C8 - 30Tf]3+ calc. 443.8650, found 443.8601.
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Table 2.33 -  lU NMR of |2-9cBN24C8][OTf]4 in CD3CN. MWOTr= 1779.794 g/mol
Proton 8 (ppm) Multiplicity # Protons J  (Hz)
a 1.32 s 9 —
b 7.61 d 2 3JbC = 8.40
c 7.50 d 2 Vcb = 8.40
d 5.78 s 2 —
e 8.90 d 2 3Jef=6.72
f 8.18 d 2 3/ fe = 6.72
g 8.41 d 2 3Jgh = 6.75
h 9.48 d 2 Vhg = 6.75
i 5.71 m 2 —
j 6.07 m 2 —
k 10.24 s 2 —
1 8.56 d 2 V,m = 9.15
m 8.67 d 2 Vml = 9.15
n 9.70 s 2 —
0 6.14 s 2 —
P 7.61 d 2 3Jpq =  8.40
q 7.74 d 2 3Jqp =  8.40
r 1.32 s 9 —
1 6.12 dd 2 •Tmeta — 3 .22; t/ortho — 6.10
2 6.53 dd 2 •Tmeta — 3 .22; i/ortho — 6.10
3 6.40 m 2 —
4-9 3.93-4.23 m 24 —
10 5.75 dd 2 •Tmeta — 3.61; ./ortho — 5.89
11 6.12 dd 2 */meta — 3.61; ./ortho — 5.89
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2.6.30 Synthesis o f [2-9<=N24C8]4+
[2-5][OTf]2 (0.035 g, 5.08 x 10'5 mol), N24C8 (0.229 g, 5.08 x 10’4 mol) and 
t-butylbenzyl bromide (0.069g, 3.04 x 10'4 mol) were dissolved in CH3CN and stirred for 
five days. The solution was filtered and the filtrate evaporated. The filtrate was stirred in 
toluene to get rid of excess crown and /-butylbenzyl bromide. This was filtered and the 
filtrate evaporated. The residue was subjected to prep TLC using 7:2:1 CH30H:2M 
NH4C1:CH3N02 as the eluent. The band with Rf = 0.79 was collected and the product was 
extracted from the silica gel using the same eluent. (0.0190 g, 22 %)
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Flip-Switches 100
Table 2.34 -  lU  NMR of [2-9cN24C8][OTf)4 in CD3CN. MWOTr = 1731.752 g/mol
Proton 5 (ppm) Multiplicity # Protons /(H z)
a 1.32 s 9 —
b 7.56 d 2 3Jbc = 8.20
c 7.51 d 2 V cb = 8.20
d 5.83 s 2 —
e 9.02 d 2 3/ ef=6.42
f 8.46 d 2 3/ fe = 6.42
g 8.65 d 2 V gh = 6.58
h 9.47 d 2 3Jhg = 6.58
i 5.70 m 2 —
j 5.94 m 2 —
k 10.28 s 2 —
1 8.62 d 2 3/,m = 9.15
m 8.72 d 2 3J m, = 9.15
n 9.74 s 2 —
0 6.13 s 2 —
P 7.64 d 2 3Jpq = 8.28
q 7.73 d 2 3/ qp = 8.28
r 1.34 s 9 —
1 6.90 m 2 —
2 6.67 m 2 —
3 6.31 s 2 —
4-10 3.38-4.30 m 28 —
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2.6.31 Synthesis o f [2-9<=DN24C8]4+
[2-5][Br]2 (0.030 g, 5.47 x 10'5 mol), DN24C8 (0.300 g, 5.47 x KT4 mol) and 
t-butylbenzyl bromide (0.075 g, 3.28 x 10'4 mol) were dissolved in a two layer solution of 
CH3N 0 2/Na0Tf(aq) (20 mL, 3:1) and stirred for five days. The two layers were separated 
and the CH3NO2 layer washed twice with water, then subsequently dried with MgS04 . 
The CH3NO2 solution was filtered and the solvent evaporated. The product was purified 
by column chromatography (Si02) using CH30H:2M NH4CI (aq):CH3N0 2 (7:2:1) as the 
eluent. Like fractions were combined and the solvent evaporated. The residue was 
dissolved in CH3NO2 and H20  and NaOTf added to anion exchange the rotaxane. The 
layers were separated and the organic layer dried with MgSC>4 and filtered. The CH3NO2 
was evaporated yielding an orange solid (Rf = 0.33, 0.036 g, 36 %) ESI-MS: m/z 
[2-9cDN24C8 - 20Tf|2+ calc. 765.2816, found 765.2781.
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Table 2.35 -  'H NMR of [2-9cDN24C8][OTfl4 in CD3CN. MWOTr= 1829.853 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z )
a 1.32 s 9 —
b 7.63 d 2 3Jbc = 8.38
c 7.51 d 2 3/ cb = 8.38
d 5.67 s 2 —
e 8.85 d 2 3Je f=6.70
f 8.20 d 2 3Jfe = 6.70
g 8.53 d 2 3/gh = 6.82
h 9.53 d 2 3Jhg = 6.82
i 5.79 m 2 —
j 6.08 m 2 —
k 10.22 s 2 —
1 8.44 d 2 3/lm = 9.15
m 9.59 d 2 3/ml = 9.15
n 9.49 s 2 —
0 6.05 s 2 —
P 7.71 d 2 3/pq ~ 8.48
q 7.78 d 2 Vqp =  8.48
r 1.32 s 9 —
1 6.46 dd 4 /meta ~  3.19; ./ortho — 6.06
2 6.76 dd 4 /meta — 3.19; ./ortho — 6.06
3 6.33 s 4 —
4-6 3.92-4.31 m 24 —
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2.6.32 Synthesis o f [2-10cBN24C8]4+
[2-2][OTfJ2 (0.125 g, 1.96 x 10'4 mol), BN24C8 (0.293 g, 5.87 x 1C4 mol) and 
3,5-bis(methoxycarbonyl)benzyl bromide (0.225g, 7.83 x 10"4 mol) were dissolved in a 
two layer solution of CH3N02/Na0 Tf(aq) (20 mL, 3:1) and stirred for five days. The two 
layers were separated and the CH3NO2 layer washed twice with water, then subsequently 
dried with MgSC>4. The CH3NO2 solution was filtered and the solvent evaporated. The 
product was purified by column chromatography (Si02) using CHsOH:2M NH4CI 
(aq):CH3N0 2 (7:2:1) as the eluent. Like fractions were combined and the solvent 
evaporated. The residue was dissolved in CH3NO2 and H2O and NaOTf added to anion 
exchange the rotaxane. The layers were separated and the organic layer dried with MgSC>4 
and filtered. The CH3NO2 was evaporated yielding an orange solid (Rf= 0.38, 0.162 g, 45 
%) ESI-MS: m/z [2-10<=BN24C8 - OTf]+ calc. 775.2143, found 775.2113.
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Table 2.36 -  *H NMR of [2-10cBN24C8][OTfl4 in CD3CN. MWOTr=  1849.667 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 3.97 s 12 —
b 8.68 s 2 —
c 8.41 s 4 —
d 5.89 s 4 —
e 8.80 d 4 Vef=6.45
f 7.97 d 4 3Jfe = 6.45
g 8.24 d 4 3Jgh = 6.52
h 9.33 d 4 3Jhg = 6.52
i 5.64 s 4 —
1 6.96 dd 2 /neta =  3.58; ./ortho =  5.59
2 7.35 dd 2 •Aneta =  3.58; Jortho =  5.59
3 7.00 s 2 —
4-9 4.01-4.20 m 24 —
10 6.42 dd 2 /neta = 3.58; /ortho =  5.59
11 6.64 dd 2 •Tmeta =  3.58; J0rtho =  5.59
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CHAPTER 3
An Intramolecular Charge Transfer [2]Pseudorotaxane Switch
3 .1  In t r o d u c t io n
Control over the relative position and motion of components in interpenetrated or 
interlocked molecules can impart machine-like properties at the molecular level. 
Examples include threading and unthreading of [2]pseudorotaxanes,62-66 translation of the 
macrocycle in a [2]rotaxane molecular shuttle,46’67-71 rotation of the rings in a
TT 7 ?  c a  HC. 77
[2]catenane, ' or reorientation ’ ’ (flipping, pirouetting) of the cyclic ring in
[2]rotaxanes.
As mentioned in Chapter 1, 1,2-bis(pyridinium)ethane cations have demonstrated 
their synthetic value as templates for the construction of interpenetrated and interlocked 
molecules. The interaction between a cationic l,2-bis(pyridinium)ethane thread and a 
dibenzo-24-crown-8 ether (DB24C8) ring occurs by three sets of complementary 
interactions: (i) ion-dipole interactions between the N*-pyridinium and the oxygen atoms 
on the crown ether, (ii) a set of eight weak CH- 0  hydrogen bonds between the ortho-N+ 
hydrogen atoms and the oxygen atoms on the crown ether and (iii) ^-stacking between the 
electron-rich catechol rings of the crown ether and the electron-poor pyridinium rings of 
the thread (Figure 1.20).
During a systematic study of [2]pseudorotaxane formation between 1,2- 
bis(pyridinium)ethane threads and 24-crown-8 ether rings, it was noted that the presence 
of an electron-donating NH2 group at the 4-position of the pyridinium group dramatically
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reduced the observed association constant.38 This was attributed to a reduction in the
acidity of the participating hydrogen bonding groups on the thread and a reduction in the 
charge at the pyridinium nitrogen due to contributions from an unfavourable resonance 
form. It was reasoned that it should be possible to fine-tune the strength of a 
[2]pseudorotaxane interaction and control the threading-unthreading process using these 
different resonance structures.
For this reason, the new thread molecule 3-3a (Scheme 3.1) was designed, which 
can be represented by two possible resonance forms having dramatically different 
structures and charge distributions (Figure 3.1).78 This molecule consists of a 
chromophoric structure D-jt-A-tc-D having two terminal donor groups (N,N- 
dimethylamino) and an inner acceptor group (bis-pyridinium). In principle, this should 
give rise to an intramolecular charge transfer (ICT) observable in the electronic spectrum 
and it was reasoned that it should be possible to turn OFF  the ICT by addition of a Lewis 
acid, such as BF3 or H+.
Thread Ri R 2
3-3a
3-3b
3-5a
3-5b
3-6
3-7
4-N(CH3)2Ph-
4-NH(CH3)2+Ph-
H
H
H
H
Ph
H
4-N(CH3)2Ph-
4-NH(CH3)2+Ph-
H
Ph
Scheme 3.1 -  Numbering scheme for compounds in Chapter 3.
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,CH:
CH
CHS
Figure 3.1 -  Dicationic thread 3-3a can be represented by two possible resonance 
forms
3 .2  Sy n t h e s is  a n d  S t r u c t u r a l  C h a r a c t e r iz a t io n
3.2.1 Synthesis
The new thread 3-3a2+ was synthesized in three steps, the first being a Suzuki 
coupling between 4-A^A^-dimethylaminophenylboronic acid and 4-bromopyridine 
hydrochloride. The resulting 4-(4'-jV)JV-dimethylaminophenyl)pyridine (3-1) was reacted 
with 1,2-dibromoethane to obtain the corresponding pyridiniumethyl bromide bromide 
salt which was directly converted to its triflate salt (3-2+). This was further reacted with 
an excess of 3-1 in CH3CN to afford 3-3a2+ as the bromide salt which was subsequently 
anion exchanged to the triflate salt. Protonation of the thread 3-3a2+ was accomplished by 
dissolving the triflate salt in isopropyl ether and adding trifluoromethanesulfonic acid to 
the solution, resulting in precipitation of the thread as 3-3b4+ (Scheme 3.2).
The remaining threads in the series were synthesized in a similar manner, but 
without the formation of the pyridiniumethyl bromide intermediate. Instead, the 
corresponding pyridine was dissolved in CH3CN with 1,2-dibromoethane, with the 
pyridine compound in excess. The isolated precipitates were the expected symmetrical
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threads l,2-bis[3-(4'-AiV-dimethylaminophenyl)pyridinium]ethane (3-5a2+), l,2-bis(4- 
phenylpyridinium)ethane (3-62+) and l,2-bis(3-phenylpyridinium)ethane (3-72+).
\ — B( OH)2 +  Br
I [Pd(Ph3)4] (cat)
Na2C 03, reflux CH3CN,
1  24h
11) 1,2-dibromoethane, A, 24h 2)NaO Tf(aq)
il) 4-(4-N,N-dimethyl)phenylpyridine, reflux, CH3CN, 7 days 2) NaOTf (aq)
CF3S 0 3H,
rt, /5o-propylether
H—N'
N— H
Scheme 3.2 -  Synthesis of threads 3-3a2+ and 3-3b4+.
3.2.2 X-ray Characterization
The X-ray crystal structures of 3-3a2+ and 3-3b4+ reveal significant differences in 
their solid-state structures (Figure 3.2). There is evidence that thread 3-3a2+ adopts a 
pseudo-quinoid form with, for example, reduced N1-C3 and C8-C9 distances (1.367(3), 
1.466(4) A, respectively) and a small dihedral angle between aromatic rings of 18.4°,
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4.
Figure 3.2 -  X-ray structures of 3-3a2+ (top) and 3-3b4+ (bottom) showing the atom 
labeling scheme and bond distances.
supporting the delocalization of the positive charge. In contrast, the bonding parameters 
for 3-3b4+ are indicative of the more common bis(pyridinium)ethane form with longer 
N1-C3 and C8-C9 distances (1.483(5), 1.473(5) A, respectively) and a more substantial 
dihedral angle of 55.4°.(Table 3.1)
Table 3.1 -  Comparison of Bond Distances in 3-3a2+ and 3-3b4+.a
Bond Distances for 3-3a2+ (A) Distances for 3-3b4+ (A)
N1-C3 1.367(3) 1.483(5)
C1-C2 1.376(4) 1.381(5)
C2-C3 1.415(4) 1.382(5)
C3-C6 1.406(4) 1.368(5)
C6-C7 1.374(4) 1.380(5)
C7-C8 1.403(4) 1.388(5)
C8-C9 1.466(4) 1.473(5)
C9-C10 1.401(4) 1.390(5)
C10-C11 1.365(4) 1.372(5)
C11-N2 1.348(3) 1.337(5)
N2-C12 1.349(3) 1.344(5)
C12-C13 1.365(4) 1.363(5)
C9-C13 1.410(4) 1.396(5)
N2-C14 1.471(3) 1.491(4)
a The dihedral angle between the pyridine ring and the aniline ring is 18.4° for 3-3a2+ and 55.4° for 3-3b4+. 
Both molecules have a crystallographically imposed center of symmetry.
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3.2.3 Molecular Orbital Analysis
For 3-3a2+, DFT(B3LYP) calculations localized the HOMO on the aniline ring 
and the LUMO on the pyridinium ring, with important contributions from the N atoms in 
each case (Figure 3.3).
3-3a2+ HOMO 3-3a2+ LUMO
3-3b4+ HOMO 3-3b4+ LUMO
3-62+ HOMO 3-62+ LUMO
Figure 3.3 -  HOMO/LUMO diagrams for 3-3a2+, 3-3b4+ and 3-62+.
Figure 3.4 shows a comparison of the electron density distribution in 3-3a2+ and 3- 
3b4+ along with the unsubstituted thread l,2-bis(4-phenylpyridinium)ethane, 3-62+. It is 
clear that the protonated thread 3-3b4+ and the model compound, 3-62+, have a similar 
electron distributions (dark blue colour) at the central recognition region, whereas 3-3a2+ 
is quite different (lighter blue), supporting the notion of different resonance forms for 
these threads.
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Figure 3.4 -  DFT calculated (B3LYP) electron distributions for (top to bottom) the 
dication bis(4-phenylpyridinium)ethane 3-62+, thread 3-3a2+, and protonated thread 
3-3b4+.
3 .3  R e s u l t s  a n d  D is c u s s io n  o f  t h e  P s e u d o r o t a x a n e  S t u d ie s
Mixing one equivalent of the thread with one equivalent of DB24C8 yields a 
[2]pseudorotaxane that undergoes slow exchange on the NMR time scale. The 
complexation process was studied in CD3CN and the association constants (Kassoc) were
70determined using the single point method, which involves using known concentrations 
of the components and the integral values of the ethylene bridge complexed and 
uncomplexed resonances on the thread. The new push-pull thread 3-3a2+ binds DB24C8 
in CD3CN solution with a very small association constant (34 M'1). This OFF  scenario 
can be switched ON  by the addition of two equivalents of acid to yield 3-3b4+, which can 
then act as a standard l ,2-bis(pyridinium)ethane thread for [2]pseudorotaxane formation. 
A substantial increase in the association constant was observed for 3-3b4+ (~ 5 fold) to a 
value (156 M '1) that is comparable to that observed for 3-62+ (172 M '1), for which there is 
no substituent on the phenyl ring and no ICT. The association experiments for 3-3a2+ and
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3-3b4+ with DB24C8 were also run in CD3NO2 and resulted in slightly higher Kassoc 
values of 65 M' 1 and 251 M'1, respectively. This maintains the approximate five fold 
increase in association. Other solvents were precluded due to poor solubility of the 
threads.
To further assess this system, an analogous series of thread molecules, 3-5a2+, 
3-5b4+ and 3-72+ were synthesized with the same substituents but in the 3-position of the
>y,
pyridinium ring. Although thread 3-5a containing the jV,iV-dimethylaniline group has a 
lower association constant compared to 3-5b4+, the effect is far less pronounced. This is a 
result of the absence of a suitable resonance structure that would allow the delocalization 
of the electron density from the electron rich ring (N, A-dimethylaniline) to the electron 
poor pyridinium. Therefore, the bis(pyridinium)ethane core is still maintained and 
complexation with the crown ether is possible. Table 3.2 summarizes the association 
constants for threads 3-3a2+ -  3-72+ with DB24C8.
Table 3.2 -  Association Constants, KasS0c and AG° values for 3-3a2+ -  3-72+ with 
DB24C8 in CD3CN (2.0 x 10-3 M) at 298 K.
T hread K „ «  <M-') AG° (kJ mol'1)
3-3a2+ 34 8.7
3-3b4+ 156 12.5
3-62+ 172 12.8
3-5a2+ 91 11.2
3-5b4+ 116 11.8
3-72+ 125 12.0
The differences in association constants, the X-ray metrical parameters, and the 
DFT calculated electronic structures all support the idea that it is a major contribution 
from a pseudo-quinoid resonance form for thread 3-3a2+ that results in its anomalously 
poor ability to establish significant non-covalent interactions with the crown ether.
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Moreover, protonation of 3-3a2+ to give 3-3b4+ restores the pyridinium character of the 
thread and significantly enhances its ability to interact non-covalently with DB24C8 and 
form a [2]pseudorotaxane. This feature can then be used as a methodology to control 
threading and unthreading by turning ON  and OFF  the interaction.
As predicted, the D-jr-A-7t-D nature of the thread 3-3a2+ provides a chromophore 
with two terminal donor groups and one inner acceptor group resulting in an ICT band 
with Amax at 443 nm and a molar absorptivity of 25,945 L mol' 1 cm' 1 in CH 3 C N. The 
resulting intense yellow-orange colouration of the naked thread can be completely 
eliminated upon the addition of H+ to give the thread 3-3b4+ (Figure 3.5).
0.3
0.25
0.2
Absorbance015
0.1
0.05
300 450350 400 500 550 600
Wavelength (nm)
Figure 3.5 -  UV-visible absorption spectra of a 1:1 mixture of 3-3a2+ with DB24C8 
(yellow) and 3-3b3+ with DB24C8 (blue) and recorded in CD3CN at a concentration 
of 1.0 x 10"5 M.
The colourless protonated thread 3-3b4+ can then form a [2]pseudorotaxane with 
DB24C8, which gives rise to a very pale yellow colouration due to a charge-transfer
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interaction between the electron-rich catechol rings of DB24C8 and the electron-poor 
pyridinium rings of the thread.
3 .4  Su m m a r y  a n d  C o n c l u s io n s
In summary, the intramolecular charge transfer present in 3-3a2+ reduces the ability of the 
bis(pyridinium)ethane unit to act as a recognition site for DB24C8. This is accomplished 
by decreasing the positive charge on the pyridinium nitrogen atom, reducing the acidity of 
the hydrogen atoms adjacent to the pyridinium N+, and increasing the electron density in 
the pyridinium rings. This induces a reduction of the association constant with DB24C8 
in C D 3 C N  compared to 3-3b4+and 3-62+, or 3-5a2+, 3-5b4+ and 3-72+, and is thus an 
effective OFF  state for [2]pseudorotaxane formation.80 When a Lewis acid such as H+ is 
added, protonation of the aniline nitrogen atom occurs and the resulting 1,2- 
bis(pyridinium)ethane thread penetrates the DB24C8 cavity forming a [2]pseudorotaxane 
and converts it to the ON  state. The linking of this mechanical action of 
[2]pseudorotaxane formation to a significant colour change can be described as a NOT 
logic gate (Table 3.3) since the threading of the two components to form the 
interpenetrated molecule is signaled by the loss of the bright orange colour. Cycling of 
the protonation and deprotonation of this system was successfully carried out using 
alternating equivalents of trifluoromethanesulfonic acid and triethylamine up to five times 
without any evidence of significant decomposition or loss of colour intensity.
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Table 3.3 -  Logic table for ICT pseudorotaxane system.
3 V.
H3C‘
Input Output
H+ AbS443
0 1
1 0
H  N
N—H
Pale yellow
, c h 3'-^-rx x x
+ DB24C8 Intense Yellow-Orange
Figure 3.6 -  Schematic representation of the threading and dethreading process 
initiated by alternating acid and base.
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3 .5  E x p e r im e n t a l
3.5.1 General Comments
l,2-Bis(4-phenylpyridinium)ethane and l,2-bis(3-phenylpyridinium)ethane were 
synthesized according to a literature procedure.38 4-(A,ALDimethylamino)phenylboronic 
acid, 4-bromopyridine hydrochloride, 3-bromopyridine, sodium carbonate, 
tetrakis(triphenylphosphine)palladium(0), 1,2-dibromoethane and DB24C8 were 
purchased from Aldrich and used as received. CD3CN was dried according to a literature 
procedure.81 Conventional 2-D NMR experiments ('H -lH COSY and HETCOR) were 
used to help assign all peaks. UV-visible spectra were obtained using a Varian Cary 50 
spectrometer. All calculations were performed using the Gaussian 03 suite of programs. 
Optimized gas-phase structures were obtained using the density functional theory (DFT) 
method B3LYP, a combination of Becke’s three parameter hybrid exchange functional,82’ 
83 as implemented84 in Gaussian 03, and the correlation functional of Lee, Yang and 
Parr,85 in conjunction with the 6-31G(d,p) basis set. The HOMO and LUMO orbitals are 
shown at the 0.032 isodensity value.
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3.5.2 Synthesis o f 4-(4'-A,A-dimethylaminophenyl)pyridine (3-1)
This compound has been previously synthesized using alternative methods86,87, 
but was prepared using the following procedure. A 3-necked round bottom flask was 
charged with DMF (200 mL) and H2O (100 mL). To this, 4-(N,N- 
dimethylamino)phenylboronic acid (2.00 g, 0.0121 mol), 4-bromopyridine hydrochloride 
(2.36 g, 0.0121 mol) and sodium carbonate (7.71 g, 0.0727 mol) were added and the 
solution degassed for one hour. Tetrakis(triphenylphosphine)palladium(0) was added and 
the solution degassed an additional 30 minutes. The reaction was refluxed for 24 h then 
cooled to room temperature and the solvents evaporated. H2O was added to the resulting 
residue and the product was extracted into CH2CI2 three times. The organic portions were 
combined, dried with MgS04, filtered and evaporated. 3-1 was obtained as a pale yellow 
solid (2.28 g, 0.0115 mol, 95%).
a b c d e
Table 3.4 -  XH NMR of 3-1 in CD3CN. MW = 198.264 g/mol
Proton 8  (ppm) Multiplicity # Protons /(H z )
a 8.50 d 2 3/ab = 6.14
b 7.54 d 2 V ba = 6.14
c 7.64 d 2 3J Cd = 8.88
d 6.83 d 2 3/ dc = 8.88
e 2.99 s 6 —
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3.5.3 Synthesis o f |4-(4'-/V,A-dimethylaminophenyl)pyridinium]ethylbromide 
(3-2)+
Compound 3-1 (0.750 g, 0.00378 mol) was dissolved in 1,2-dibromoethane 
(50mL) and refluxed for 24 h. The reaction was cooled to room temperature and the 
resulting precipitate was filtered using a Buchner funnel and washed with CH2CI2. This 
afforded 3-2+ as yellow powder as the bromide salt (1.19 g, 0.00308 mol, 82 %) which 
was subsequently anion exchanged to the triflate salt. ESI-MS: m/z [3-2 - OTf]+ calc. 
339.9331, found 339.9341.
e d c b a
g
Table 3.5 -  *H NMR of [3-2][Br] in D20 . MWBr- = 386.125 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z )
a 8.44 d 2 3/ ab = 6.92
b 8.02 d 2 3/ba ~ 6.92
c 7.81 d 2 3/cd = 9.01
d 6.85 d 2 3Jdc = 9.01
e 2.96 s 6 —
f 4.74 t 2 3/ef= 5.69
g 3.85 t 2 3Jfe = 5.69
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Table 3.6 -  *H NMR of [3-2][OTfl in CD3CN. MWOTf-= 455.290 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 8.38 d 2 3/ ab = 7.10
b 8.09 d 2 Vba = 7.10
c 7.89 d 2 Vcd =9.14
d 6.87 d 2
t-HIIo
e 3.09 s 6 —
f 4.72 t 2 Vef=5.92
g 3.89 t 2 3/ fc = 5.92
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3.5.4 Synthesis of Compound 3-3a2+
[3-2][OTf] (0.850 g, 0.00187 mol) and 3-1 (0.740 g, 0.00373 mol) were dissolved in 
CH3CN (50 mL) and refluxed for 7 days. The reaction was cooled to room temperature 
and the solvent evaporated. The residue was dissolved in CH2CI2 and the resulting 
precipitate was filtered and washed with more CH2CI2. This afforded a yellow powder 
3-3a2+ as the bromide salt (0.718 g, 0.00123 mol, 66 %) which was subsequently anion 
exchanged to the triflate salt.(0.811 g, 0.0112 mol, 91%) ESI-MS: m/z [3-3a - OTf]+ calc.
573.2142, found 573.2118.
e d c b a
Table 3.7 -  'H NMR of [3-3a][OTfl2 in CD3CN. MWOTf- = 722.719 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 8.29 d 4 3J ab = 7.02
b 8.05 d 4 Vba-7.02
c 7.88 d 4 3JCd = 9.08
d 6.87 d 4 3/ dc = 9.08
e 3.10 s 12 —
f 4.88 s 4 —
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Table 3.8 -  13C NMR of [3-3a][OTfh in CD3CN.
Carbon 5 (ppm) # Carbons
1 40.69 4
2 — 2
3 113.72 4
4 131.31 4
5 155.46 2
6 157.48 2
7 122.82 4
8 144.50 4
9 59.63 2
13C spectrum of [3-3a][OTf]2
100 60 50 10 ppm150 140 130 120 110 90 80 70 40 30 2 0170 160
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HETCOR of [3-3a][OTfh
ppm
40 H
5 0  H
60  H
7 o H
8 0  H
90  -j
ioo H
n o  H
120 H
1 3 0  -j
1 4 0 - i
1 5 0  H
1 6 0 - 4
s 8 7 6 5 4 ppm
H—N
N—H
Table 3.9 -  'H NMR of [3-3b][OTf]3 in CD3CN. MWOTf-= 1022.873 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 8.74 d 4 3Jab -  6.78
b 8.35 d 4 3/ba = 6.78
c 7.84 d 4 3Jed -  8.74
d 8.12 d 4 3Jdc = 8.74
e 3.31 d 12 3Jef=5.16
f 9.45 br, s 2 —
g 5.14 s 4 —
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3.5.5 Synthesis o f Compound 3-4
A 3-necked round bottom flask was charged with DMF (200 mL) and THF (100 
mL). To this 4-(A,A-dimethylaminophenyl)boronic acid (2.00 g, 0.0121 mol), 3- 
bromopyridine (1.92 g, 0.0121 mol) and sodium carbonate (7.71 g, 0.0727 mol) were 
added and the solution degassed for one hour. Tetrakis(triphenylphosphine)palladium(0) 
(0.700 g, 6.06 x 10'4 mol) was added and the solution degassed an additional 0.5 hour. 
The reaction was refluxed for 24 h then cooled to room temperature and the solvents 
evaporated. Water was added to the resulting residue and the product was extracted three 
times with CH2CI2. The organic portions were combined, dried with MgSC>4, filtered and 
evaporated. Compound 3-4 was recrystallized from Et20 and isolated as a beige solid. 
(2.14 g, 0.0108 mol, 89%).
b
a
Table 3.10 -  'll NMR of [3-4] in CD3CN. MW = 198.264 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z )
a 8.43 d 1 3/ ab = 4.74
b 7.34 dd 1 3/ ba = 4.74 ,3/ bc=7 .91
c 7.90 d 1 3/cb = 7.91
d 8.79 s 1 —
e 7.54 d 2 3/ef=6.80
f 6.85 d 2 3Jfe -  6.80
g 2.97 s 6 —
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3.5.6 Synthesis of Compound 3-5a2+
Compound 3-4 (1.00 g, 0.00504 mol) and 1,2-dibromoethane (0.190 g, 0.00101 
mol) were dissolved in acetonitrile (50 mL) and refluxed for four days. The precipitate 
that formed was isolated by filtration. This afforded a pale yellow powder 3-5a+ as the 
bromide salt (0.512 g, 8.76 x 10‘4 mol, 87%) which was subsequently anion exchanged to 
the triflate salt. (0.597 g, 8.26 x 10'4 mol, 94%) ESI-MS: m/z [3-5a - O T ff calc.
573.2142, found 573.2155.
8 7 4 3 1
c h 3
H,C
H3C
Table 3.11 -  lH NMR of [3-5a][OTf|2 in CD3CN. MWOTf-= 722.719 g/mol
Proton 5 (ppm) Multiplicity # Protons /(H z)
a 8.70 d 2 3Jab -  8.00
b 7.97 dd 2 3/ ba = 8.00,3Jbc = 6.08
c 8.33 d 2 3/cb = 6.08
d 8.84 s 2 —
e 7.60 d 4 3Je f=9.02
f 6.88 d 4 3Jfe = 9.02
g 3.04 s 12 —
h 5.09 s 4 —
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Table 3.12 - -  13C NMR of [3-5a][OTfj2 in CD3CN.
Carbon 5 (ppm) # Carbons
1 40.69 4
2 — 2
3 113.72 4
4 -129 4
5 — 2
6 — 2
7 -141.5 2
8 -129.5 2
9 -143 2
10 -142 2
11 -61 4
13C spectrum of [3-5a][OTf]2
7
"  1................... I ...................I ............. ............................. I ....................I ......................I  I ................." I'.................' I ......................I ' ' ' ' 1 ' ' I ...................... I
150  140 130 120 110 100 90 80 70 60 50 40 ppm
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HETCOR of [3-5a][OTf|2
ppm
40
80
- 1 0 0
- 1 2 0
- 1 4 0
- 1 6 0
- 1 8 0
- 2 0 0
10 9 8 6 37 5 4
CH;
N— H
N“ CH;
H3°\ + h H—N-
H3C
Table 3.13 -  *H NMR of [3-5b][OTf|3 in CD3CN. MWOTf- = 1022.873 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 8.85 d 2 3/ab= 8.09
b 8.20 dd 2 3/ ba= 8 .0 9 ,3/ bc = 6.23
c 8.83 d 2 3Jcb = 6.23
d 9.24 s 2 —
e 7.86 d 4 3Jef= 8 .6 6
f 8.02 d 4 3Jfe -  8.66
g 3.32 s 12 —
h 9.89 s 2 —
i 5.29 s 4 —
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CHAPTER 4
N-Benzylanilinium [2]Pseudo rotaxanes
4.1 I n t r o d u c t i o n
A variety of [2]pseudorotaxanes have been reported that involve the 
interpenetration of dibenzo-24-crown-8 ether (DB24C8) by linear cationic molecules that 
act as a ring and a thread, respectively.88 The first, extensively studied by Stoddart, uses 
secondary ammonium cations, such as A, A-dibenzyl ammonium, as the thread
OQ Q-}
component. ' A second, studied extensively by the Loeb group, uses 1,2- 
bis(pyridinium)ethane cationic compounds as the threads.37,38 The dibenzylammonium 
cation binds DB24C8 macrocycles by way of strong N A- O  hydrogen bonds and N+—0  
ion-dipole interactions, whereas the bis(pyridinium)ethane threads rely on a series of 
weaker CH - 0  hydrogen bonds, two sets of NT—O ion-dipole interactions and significant 
^-stacking between electron poor pyridinium rings in the threads and electron rich 
catechol rings of the crown. Both of these systems display approximately the same range 
of association constants in CH3CN at 25°C.38,69,93 In this chapter, a new type of thread is 
introduced; the A-benzylanilinium cation, which was designed to combine favourable 
features of these two systems into a hybrid binding motif.94 The A-benzylanilinium 
system contains characteristics of both A  A-dibenzylammonium and 
bis(pyridinium)ethane threads (Figure 4.1). The new thread has a two atom bridge 
consisting of a -CH2NH24-  unit between the two aromatic rings. This recognition site 
should provide (i) a positively charged group suitable for electrostatic ion-dipole
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interactions with the crown ether oxygen atoms, (ii) two strongly acidic N-H protons for 
N H -0  hydrogen bonding, (iii) two acidic benzyl CH protons for C H -0  hydrogen 
bonding and (iv) electron-poor aromatic rings for ^-stacking interactions with the 
catechol rings on the crown ether. Thus, the hybrid binding motif would be an excellent 
match, in size and shape, with the bis(pyridinium)ethane motif while providing the 
versatility of acid-base control reminiscent of the N, A-dibenzylammonium threads.
r° ^
Figure 4.1 -  A, A-dibenzylammonium (left), A-benzylanilinium (middle), 
bis(pyridinium)ethane (right) [2]pseudorotaxanes with DB24C8.
4.2 Sy n th esis  a nd  Ch a r a c te r iza t io n  
4.2.1 - Synthesis
Various A-benzylanilinium threads were synthesized with different electron 
donating and withdrawing groups. Synthesis was easily carried out via a one-step 
alkylation with commercially available reagents. Two equivalents of the aniline and one 
equivalent of the benzyl bromide were required since one equivalent of the aniline is 
consumed as a base and helps to prevent the formation of tertiary amines.95, 96 Both 
reagents were dissolved in acetonitrile and the solution heated to reflux for 24 h. As the 
reaction was cooled to room temperature, the anilinium bromide precipitated from 
solution and was eliminated by vacuum filtration. The remaining solution containing the
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product was concentrated and the residue purified by column chromatography on silica 
gel using 20% hexanes in chloroform as the eluent. Yields were moderate ranging from 
-35% to 87%. The isolated A-benzylaniline threads were protonated by dissolving the 
solid in isopropyl ether and precipitating them from solution by dropwise addition of 
trifluoromethanesulfonic acid (Scheme 4.1). A family of 16 threads was synthesized to 
study the effect of electron withdrawing and donating substituents on the complexation 
abilities of the new recognition site with 24-membered crown ether rings. Each thread 
was characterized by NMR spectroscopy, two dimensional COSY experiments and 
high resolution ESI mass spectrometry, for which exact mass determinations were 
achieved. Throughout this chapter, a notation has been devised for the threads: XBnAnY, 
where X indicates the substituent(s) on the benzyl ring (not necessarily in the para 
position) and Y indicates the substituent on the aniline ring. B2 and Bi refer to the meta 
(or para) protons and ortho protons on the benzyl ring respectively and Ai and A2 refer to 
the ortho and meta protons on the aniline ring. Bn represents the benzyl CH2 protons.
+ 2 MeCN, A
3-24 hours
Y
‘Pr2Q, i t  Bn
CF3S0 3 H
Y
Ai
A t
4-1 HBnAnH 4-5 CF3BnAnOMe 4-9 N 02BnAnCF3 4-13 3,5-Bis(CF3)BnAnN02
4-2 MeOBnAnOMe 4-6 CF3BnAnCF3 4-10 N 02BnAnN02 4-14 C6F5BnAnOMe
4-3 MeOBnAnCF3 4-7 CF3BnAnN02 4-11 3,5-Bis(CF3)BnAnOMe 4-15 C6F5BnAnCF3
4-4 MeOBnAnN02 4-8 N 02BnAnOMe 4-12 3,5-Bis(CF3)BnAnCF3 4-16 C6F5BnAnN02
Scheme 4.1 - Synthesis of benzylanilinium threads.
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4.2.2 -  X-ray Crystallography
Suitable single crystals of [4-5] [OTf] were grown by slow evaporation of an 
acetonitrile solution. The X-ray structure (Figure 4.2) shows that in the solid state, the N- 
benzylanilinium cation adopts the anticipated anti conformation about the central C-N 
bond, which resembles the geometry observed for the analogous
l,2-bis(pyridinium)ethane cations.
Figure 4.2 -  Ball-and-stick representation of the X-ray structure of CF3BnAnOMe 
[4-5*H]+ showing an anti conformation: dihedral angle = 171.8° (carbon = black, 
oxygen = red, nitrogen = blue, fluorine = yellow, hydrogen = white).
4 .3  PSEUDOROTAXANE FORMATION
As a result of the enhanced acidity of these anilinium based threads, the 
protonated [HA]+ and non-protonated [A] species are in equilibrium in acetonitrile 
solution. Both species are involved in fast exchange on the NMR timescale and hence 
only a single averaged set of resonances is observed. The limiting chemical shifts and 
acidity constants (Ka) were obtained by titration experiments. In this method, each N- 
benzylaniline, 1.0 mL of 0.010 M solution, is titrated with increasing amounts of a 1.0 M 
solution of trifluoromethanesulfonic acid in CD3CN until saturation is reached. Saturation 
is indicated by the benzyl CH2 peak reaching its limiting downfield chemical shift (Figure 
4.3).
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Chemical Shift vs Eq o f HOTY
4.65 i
4.60-
4.55 -
Chemical Shift
(ppm) 4.45 -
4.40 -
4.35
4.30
1.0 4.00.0 2.0 3.0 5.0 6.0
Equivalents ofHOTT
Figure 4.3 -  Titration curve for CFaBnAnOMe (4-5).
Using the *H NMR spectra taken after each addition, the chemical shifts of the 
benzyl resonances were fit to a nonlinear least-squared model using WinEQNMR 
software97 to obtain the acidity constant (Ka) of each thread (Table 4.1). Variation of the 
substituents on the aromatic rings of the threads allowed a comparison of the effects of 
EWG or EDG on the acidity and the ability to form [2]pseudorotaxanes. Results indicate 
that the substituent on the aniline ring has a greater effect on the acidity than that on the 
benzyl ring. This is intuitive since the substituent on the aniline ring can directly affect 
the stronger NH2 hydrogen bond donors as well as the positive charge on the nitrogen 
atom. For instance, although the threads CFaBnAnOMe and MeOBnAnCF3 both consist 
o f  the sam e groups, the former thread is less acidic (K a =  4 .9  x 10'5) than the latter (K a =
1.6 x 10'3). Consideration of each series of threads, where the benzyl substituent is the 
same but the aniline substituent is varied from -OMe to -CF3 to -NO2, shows that the
ORacidity of the thread increases accordingly with the Hammett parameters (-0.27, 0.54
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and 0.78 respectively). The methoxy substituted threads are the least acidic, and the nitro 
substituted threads are the most acidic. There is a 1500-fold difference between acidity 
constants (Ka) of the most acidic thread (CeFsBnAnNC^) and the least acidic thread 
(MeOBnAnOMe).
Table 4.1 - Summary of Ka’s of the A-benzylanilinium threads.
Thread Ka pKa
HBnAnH 8.3 X 10'3 2.1
MeOBnAnOMe 4.7 X 10‘5 4.3
MeOBnAnCFs 1.6 X 10'3 2.8
Me0BnAnN02 8.6 X 10‘3 2.1
CF3BnAnOMe 4.9 X 10'5 4.3
CF3BnAnCF3 2.0 X 10'3 2.7
CF3BnAnN02 2.2 X 10’2 1.6
3,5-BisCF3BnAnOMe 3.9 X 104 3.4
3,5-BisCF3BnAnCF3 4.9 X 10’3 2.3
3,5-BisCF3Bn AnN O2 3.8 X 10’3 2.4
N02BnAn0Me 8.1 X 104 3.1
N 0 2BnAnCF3 6.1 X 10'3 2.2
N 0 2BnAnN02 1.3 X 10‘2 1.9
CftFsBnAnOMe 6.6 X 104 3.2
C6F5BnAnCF3 9.4 X 10'3 2.0
C6F5BnAnN02 6.2 X 10'2 1.2
When equimolar solutions of a protonated thread and DB24C8 are mixed together 
at 25°C in CD3CN, equilibrium is rapidly attained and a new set of peaks, in addition to 
those assigned to the free components, is observed in the 'H  NMR spectrum (Figure 4.4). 
The chemical shifts of the new resonances are consistent with the formation of a 
[2]pseudorotaxane complex in solution with a rate of association-dissociation that is slow 
compared to the NMR timescale. Chemical exchange between the free components and 
the [2]pseudorotaxane was also confirmed by EXSY NMR experiments (Figure 4.5)."
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Bn
[CF3BnAnCF3] [OTf]
[CF 3Bn AnCF 3cDB24C8] [OTf|
DB24C8,
Bn,
8 6V 5
Figure 4.4 -  *H NMR spectra of [CF3BnAnCF3][OTf] (top) and
[CF3BnAnCF3dDB24C8][OTf] (bottom) in CD3CN at 25°C; “c” is for complexed 
and “uc” is for uncomplexed.
ppm
8 . 2  8 . 0  7 . 8  7 . 6  7 . 4  7 . 2  7 . 0  6 . 8  6 . 6 ppm
Figure 4.5 - EXSY NMR spectrum of [3,5-BisCF3BnAnOMecDB24C8][OTf]
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Evidence for [2]pseudorotaxane formation was exhibited not only in solution, but 
in the “gas phase” (mass spectrometry) and solid state (single crystal X-ray 
crystallography, vide infra). It is important to note that DB24C8 does not form a complex 
with an unprotonated thread.
In the case of the 24C8 complexes, the resonances due to N //2, CHi and ortho 
aromatic CH  protons (Bi and Ai) were shifted downfield relative to the free thread, which 
is indicative of hydrogen bonding. Thus, in solution, a total of eight hydrogen bonds are 
responsible for maintaining the [2]pseudorotaxane structure (Table 4.2).
For the DB24C8 adducts, the signals due to the N//2 and CH2 protons were shifted 
downfield. However, due to the lower basicity of the aryl ether oxygen atoms on the 
crown ether compared to 24C8, there are not significant aromatic CH—O interactions 
with the ortho hydrogens (Bi) of the benzyl aromatic ring, regardless of the substituent on 
the thread. However, there is significant hydrogen bonding with the more acidic ortho 
protons (Ai) of the aniline aromatic ring which is reflected in the considerable downfield 
shift of these protons (AS ranging from 0.18 - 0.97 ppm). The resonances due to the 
hydrogen atoms in the meta or para positions (B2 and A2) on the substituted rings are, in 
general, shifted upfield due to the shielding generated by the ring current of the catechol 
rings on the crown ether, indicating the presence of 71-stacking interactions in a fashion 
similar to that observed in the bis(pyridinium)ethane [2]pseudorotaxanes (Table 4.2).
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Table 4.2 - Summary of Changes in Chemical Shift (Ad, ppm) of the 
[2]Pseudorotaxanes Relative to the Free Threads.3
Complex b 2 B! Bn Ai a 2
24C8
MeOBnAnOMe -0.11 -0.29 -0.64 -0.51 -0.19
MeOBnAnCF3 -0.12 -0.30 -0.61 -0.58 -0.12
CF3BnAnOMe -0.10 -0.26 -0.59 -0.29 -0.12
CF3BnAnCF3 -0.09 -0.26 -0.60 -0.51 -0.06
DB24C8
MeOBnAnOMe 0.20 -0.08 -0.78 -0.37 0.14
MeOBnAnCF3 0.12 -0.14 -0.75 -0.18 0.33
MeOBnAnNOj 0.07 -0.17 -0.76 -0.25 0.35
CF3BnAnOMe 0.33 0.03 -0.79 -0.24 0.14
CF3BnAnCF3 0.22 -0.03 -0.79 -0.24 0.21
CF3BnAnN02 0.17 -0.06 -0.83 -0.40 0.21
N 0 2BnAn0Me 0.37 0.06 -0.80 -0.28 0.06
N 02BnAnCF3 0.26 -0.01 -0.86 -0.52 0.02
N 0 2BnAnN02 0.18 -0.05 -0.94 -0.97 -0.03
3,5-bisCF3BnAnOMe 0.73 0.04 -0.74 -0.28 -0.04
3,5-bisCF 3Bn AnCF 3 0.62 0.01 -0.78 -0.31 -0.01
3,5-bisCF3BnAnN02 0.61 0.07 -0.76 -0.19 0.08
C'eFsBnAnOMe -0.91 -0.20 0.22
C6F5BnAnCF3 -1.09 -0.26 0.30
C6F5BnAnN02 -1.15 -0.88 0.19
a Negative : Downfield Shift; Positive: Upfield Shift.
Since the rate of threading/unthreading is slow on the NMR timescale, calculation 
of the concentrations of complexed and uncomplexed species is possible using the single­
point method.77 This method uses the known initial concentrations of crown ether and 
thread and the signal integrals of a complexed and uncomplexed NMR signal representing 
the same proton. The equation for Kassoc is:
HA + C HA • C Kassoc = *C-- Ech 4-l
[HA][C]
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However, due to the presence o f simultaneous equilibria between 
protonated/nonprotonated and complexed/uncomplexed species, two correction factors 
needed to be introduced. Both correction factors involve the equilibrium concentration o f 
protonated thread [HA]. The first factor corrects for the presence o f unprotonated thread 
and the second accounts for inconsistencies in measuring the concentrations o f thread and 
crown for the experiment.
[HA] initial = Co= [HA-C] + [HA]eq + [A]eq
[HA]eq = Co - X|HA'CjC0 - X[A]C0 = C0(l-  X[HA'C] - X[A]) Eq. 4.2
[complexed
Complexed NMR Signal: %[ha-c] = - j   ------- :  Eq. 4.3
I complexed + I uncomplexed
Uncomplexed NMR Signal: 80bs = X[A]5[a]+ X[ha]8[ha]
X[HA] +  X[A] =  1
Sobs =  X [A ]8 [A ]+  (1 -  X [A ])8 [H A ]
^obs =  5C[A]^ [A] -  X[A] [^HA] +  S[HA]
^obs ~  [^HA] =  X[A](S[A] _  ^[HA])
_ d[HA] ~  8 0bs
A[A1 ~  r  - R  Eq. 4.4
[HA] [A]
 Jr o f lexed X » " - » ■ - ) Eq. 4.5
[complexed + [uncomplexed 5[ha] -  8[a]
[HA]eq=
C[(1________ Jcomplexed_______________ Juncomplexed § [HA]- 5 o b s  £q 4  6
Jcomplexed + Juncomplexed Jcomplexed + Juncomplexed 8[haj -  5[a]
Scheme 4.2 -  Derivation of Uncomplexed Protonated Thread [HA].
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
N-Benzylanilinium [2]Pseudorotaxanes 137
C0 =
( jBenzyl uncomplexed + jBenzyl complexed)/2 
( J  Crown uncomplexed + JCrown complexed)/ # crown protons
-(0.01M) Eq. 4.7
* DB24C8: # crown protons = 8; 24C8: # crown protons = 32.
Scheme 4.3 -  Correction for actual initial concentration of protonated thread
Uncomplexed Thread 
8 h a  8 o b s 5a
Complexed Thread 
AM
2.00 1.00
Figure 4.6 -  Schematic of complexed and uncomplexed CH2 peaks.
Equation 4.2 expresses the initial concentration of protonated thread C0 in terms of all 
the ways in which the thread can exist in the equilibrium: complexed with crown, 
uncomplexed protonated and uncomplexed unprotonated. Equation 4.4 describes the 
actual correction factor for the presence of unprotonated thread, which is incapable of 
complexing with crown. Knowing that the unprotonated thread is incapable of 
complexation means that it must simply be subtracted from the equilibrium concentration 
of uncomplexed protonated thread. The amount of protonated and non-protonated thread 
is determined by comparing the position of the uncomplexed benzyl peak (80bs) from the 
NMR spectra of the Kassoc experiment, to the chemical shift limits of non-protonated 
thread (5[a ]) and completely protonated thread (5[h a j) from the NMR spectra of the
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titration experiments. This, in essence, gives the mole fraction of unprotonated 
uncomplexed thread relative to protonated thread. To get the absolute mole fraction of 
unprotonated thread, the value from Equation 4.4 must be multiplied by the mole 
fraction of uncomplexed species.
The second correction, expressed in Equation 4.7, is used to account for
inconsistencies between measured amounts of thread and crown. By taking the ratio of
thread:crown from the spectrum of the actual NMR experiment, a more accurate value for
the relative concentrations in solution is obtained. The crown, in all cases, was assigned
the target concentration of 0.010 M. The measurements of the threads were deemed less
reliable because the amounts were small (1-4 mg), the threads are hygroscopic and some
were prone to deprotonation by atmospheric water. Determining the actual concentration
of thread by comparison of ratios in the experiment provided a means for accounting for
these discrepancies and allowed the determination of more accurate Kassoc values.
Table 4.3 -  Summary of experimental (in red) and calculated (in black) Equilibrium 
Constants with DB24C8.
^ ^ n H OMe CF3 n o 2
H 100(102)
OMe 113 190 472(84) (205) (343)
c f 3 — 174(187)
531
(522)
316
(336)
n o 2 541 800 1504
(496) (493) (228)
c 6f 5 —
168
(176)
662
(655)
689
(392)
3,5- 466 611 632
bisCF3 (447) (659) (557)
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Table 4.4 Summary of experimental (in red) and calculated (in black) Equilibrium 
Constants with 24C8.
' X A n
B n \ OMe CF3
OMe
CF3
631 1855 
(364) (1274)
1776 1930
(1569) (1162)
The calculated values obtained for Kassoc with DB24C8 and 24C8 were in the 
same ranges as those determined for both bis(pyridinium)ethane and N,N- 
dibenzylammonium with the same crowns.38, 100 The highest Kassoc with DB24C8, 1500 
M '1, was with the NOiBnAnNC^ thread [4-10]+, which is higher than the value of 1300 
M'1 for 4,4,-dinitro-A,A-dibenzylammonium.96 This, again, suggests that the ^-stacking 
ability of DB24C8 enhances complexation, likely due to a perfect parallel alignment 
between the crown ether in the ‘S’-conformation and the thread in the anti conformation, 
which resembles the behaviour seen with the bis(pyridinium)ethane threads. However, in 
the case of 24C8, the highest value of Kassoc was 1900 M' 1 for CFjBnAnCFj [4-6]+ 
(Hammett a  = 0.54), which is much lower than Kassoc ~ 4500 M' 1 for 4,4- 
di(methoxycarbonyl)-jV,jV-dibenzylammonium (Hammett a  = 0.44).101 The lower 
Hammett parameter and higher Kassoc implies that the hydrogen bonding and ion-dipole in 
the dibenzylammonium threads is more significant than the benzylanilinium. However, 
the *H NMR shifts of the benzyl peaks for MeOBnAnOMe [4-2]+ and NOjBnAnNOi 
[4-6]+, 4 .46 and 4.78 ppm respectively, compared to the 4,4'-dimethoxy-A,N- 
dibenzylammonium and 4,4'-dinitro-A,A-dibenzylammonium, 4.08 and 4.32 ppm 
respectively, suggesting the benzyl protons are more acidic.
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Four general observations can be made regarding the calculated association 
constants: (1) Threads bearing electron withdrawing groups had higher association 
constants than those with electron donating groups, regardless of the crown ether used. 
This is expected on a purely electrostatic basis resulting in increased ion-dipole 
interactions and stronger N/f—O hydrogen bonding. (2) Similar to the trend exhibited by 
dibenzylammonium threads101 and contrary to that observed for bis(pyridinium)ethane 
cations, higher Kassoc were observed with 24C8 than with DB24C8. This can be 
attributed to the ability of aliphatic ether oxygen atoms to engage in more effective ion- 
dipole interactions and hydrogen bonding relative to the aromatic catechol oxygen atoms. 
(3) The EWG is more effective when placed on the anilinium ring than on the benzyl ring 
which is consistent with N //—0  hydrogen bonding being a major contribution to the 
overall Kassoc. (4) There appears to be significant 7t-stacking involved in binding when 
DB24C8 is the ring as indicated by upfield shifts for the meta/para protons A2 and B2. 
The 71-stacking is influenced equally by the inclusion of EWGs on either the benzyl or 
anilinium rings and is magnified considerably when both rings contain the same EWG 
(CF3 or NO2). This is reminiscent of the trends observed for bis(pyridinium)ethane 
threads with DB24C8 and is probably a direct result of the observed anti conformation of 
the two atom bridge between the aromatic rings.
A closer look at the values in Table 4.3 reveals that these 24C8 complexes follow 
the expected trend. KasSoC increases from MeOBnAnOMe [4-2]+, CF3BnAnOMe [4-5]+, 
MeOBnAnCF3 [4-3]+ to CF3BnAnCF3 [4-6]+. This follows the rationalization that EDG 
decrease the association while EWG increase the association. However, when both an 
EDG and an EWG are present, the group on the aniline ring has a larger effect on the 
complexation ability of the thread than the group that is on the benzyl ring.
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In a fashion similar to that for the dibenzylammonium threads,102,103 the addition 
of one equivalent of base (triethylamine) to solutions containing the [2]pseudorotaxanes 
caused dethreading of the macrocycle from the thread and shifted equilibrium toward the 
non-protonated species [A] which is incapable of complexation. The process can be 
reversed by the addition of one equivalent of acid resulting in the restoration of the 
[2]pseudorotaxane complex.
High resolution ESI mass spectrometry experiments confirmed the presence of the
complex in the gas phase and allowed for exact mass 
ble 4.5 -  ESI-TOF calculated and found values for
determinations (Table 4.5). 
[2] pseudorotaxanes.
Thread MW(Pseudorotaxane) MW(Pseudorotaxane)J. Ill vdU Calculated (g/mol) Found (g/mol)
24C8 complexes
MeOBnAnOMe 596.3435 596.3409
MeOBnAnCF3 634.3203 634.3215
CF3BnAnOMe 634.3203 634.3210
CF3BnAnCF3 672.2971 672.2984
DB24C8 complexes
HBnAnH 632.3218 632.3247
MeOBnAnOMe 692.3435 692.3433
MeOBnAnCF3 730.3203 730.3175
Me0BnAnN02 707.3174 707.3207
CF3BnAnOMe 730.3203 730.3231
CF3BnAnCF3 768.2971 768.2938
CF3BnAnN02 745.2943 745.2945
N 0 2BnAn0Me 707.3174 707.3188
N 0 2BnAnCF3 745.2943 745.2950
N 0 2BnAnN02 722.2920 722.2931
3,5-bisCF3BnAnOMe 798.3071 798.3088
3,5-bisCF 3Bn AnCF3 836.2840 836.2803
3,5-bisCF3BnAnN02 813.2816 813.2805
CeF.sBnAnOMe 752.2853 752.2856
Q F  sBn AnCF 3 790.2621 790.2626
C6F5BnAnN02 767.2598 767.2590
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Solid state X-ray structures of [CF3BnAnCF3 c  DB24C8] [OTf], 
[HBnAnH c  DB24C8] [OTf] and [MeOBnAnOMe c  DB24C8] [OTf] also verified the 
[2]pseudorotaxane formation.
The structure of [CF3BnAnCF3cDB24C8][OTf] (Figure 4.7) has the crown 
ether arranged in a “C”-shaped conformation around the anilinium ring. Four hydrogen 
bonds are formed between the -CH2NH24-  unit of the thread CF3BnAnCF3+ and 
DB24C8. The N—O distances vary from 2.78 A (aliphatic oxygens) to 3.02 A (aromatic 
oxygens) with NT/--O angles of 170° and 147°, respectively. The C—O distances vary 
from 3.30 A (aliphatic oxygens) to 3.23 A (aromatic oxygens) with CH -0 angles of 172° 
and 159° respectively. The other two aliphatic oxygen atoms are involved in ion-dipole 
interactions with and C8+ at 2.97 A and 2.92 A and a torsion angle O—N-C—O 
essentially linear at 179.8°. The distances between the centers of the aromatic rings on 
DB24C8 to the center of the anilinium ring are 3.77 A and 3.96 A; these distances are in 
the upper range for jr-stacking interactions.104,105
Figure 4.7 -  Ball and Stick representation of the X-ray structure of 
[CF3BnAnCF3cDB24C8]+ (carbon = black, oxygen = red, nitrogen = blue, fluorine 
= yellow).
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Figure 4.8 -  Ball and Stick representation of the X-ray structure of 
[HBnAnHcDB24C8]+ (carbon = black, oxygen = red, nitrogen = blue)
Similar to [CF3Bn AnCF3 c= DB24C8] [OTf|, the structure of
[HBnAnH c  DB24C8] [OTf] also has the crown ether arranged in a “C”-shaped 
conformation around the anilinium ring (Figure 4.8).
In contrast to [CF3BnAnCF3 c  DB24C8] [OTf]. in the structure of 
[MeOBnAnOMe cDB24C8] [OTf] (Figure 4.9), DB24C8 adopts the “S”-shaped 
conformation familiar in the structures of pseudorotaxanes formed with 
bis(pyridinium)ethane threads.41, 44, 45 The difference is that there are no face-to-face tc~ 
stacking interactions between aromatic rings. This is attributed to the fact that both sets of 
aromatic rings are electron-rich which is known to be unfavourable for stabilizing %- 
stacking.104,105 As a consequence, the crown ether adopts an orientation which optimizes 
hydrogen-bonding and ion-dipole interactions. Thus, in a fashion similar to 
[CF3BnAnCF3czDB24C8][OTf], four hydrogen bonds between the -CH2NH2+-  unit of 
the thread MeOBnAnOMe+ and DB24C8 are observed. The distances between N or C 
atoms and O atoms varies from 2.96 A (aliphatic oxygens) to 3.25 A (aromatic oxygens) 
with N 7 /-0  and CH - 0  angles of 172° and 157°, respectively. The other two aliphatic
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oxygen atoms are involved in ion-dipole interactions with the 1ST1" and C8+ at 3.05 A and a 
torsion angle O—N -C —O that is linear at 180°.
Figure 4.9 -  Ball and Stick representation of the X-ray structure of 
[MeOBnAnOMe c:DB24C8]+ (carbon = black, oxygen -  red, nitrogen = blue).
4 .4  Su m m a r y  a n d  C o n c l u s io n s
In summary, it has been shown that the hybrid JV-benzylanilinium cations can 
function as suitable threads for the formation of [2]pseudorotaxanes with 24-membered 
crown ethers. These pseudorotaxanes are pH-sensitive and the threading-unthreading 
process is controllable by the alternate addition of acid and base. The binding behaviour 
has characteristics of both dibenzylammonium and bis(pyridinium)ethane threads but 
probably is more similar to the ammonium ion threads. However, structurally, 
jV-benzylanilinium threads are more similar to the bis(pyridinium)ethane threads. The 
next two chapters discuss the incorporation of this new recognition site into molecular 
shuttles and catenanes to complement the bis(pyridinium)ethane/24C8 motif and generate 
chemically controllable systems from these two structurally related thread components.
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4 .5  E x p e r im e n t a l
4.5.1 General Comments
Sodium trifluoromethanesulfonate, trifluoromethanesulfonic acid, all aniline derivatives, 
benzylbromide derivatives and DB24C8 were purchased from Aldrich and used as 
received.
4.5.2 Synthesis o f Compound HBnAnH [4-1]
This compound can be purchased from Aldrich, but was synthesized using the 
following method. Aniline (1.00 g, 1.07 x 10'2 mol) and benzyl bromide (0.918 g, 5.37 x 
10’ mol) were dissolved in CH3CN and refluxed for 3 hours. The reaction was cooled to 
room temperature and the solid anilinium bromide that precipitated was filtered and 
discarded. The filtrate containing the product was concentrated and the resulting residue 
dissolved in CHCI3 and subjected to column chromatography (silica gel) using 
CHCl3:hexanes (4:1). (Rf = 0.83, 0.725 g, 73.7%) The pure isolated solid was dissolved 
in isopropyl ether (10 ml) and trifluoromethanesulfonic acid (1 equivalent) was added 
dropwise to yield the A-benzylanilinium as a white crystalline solid (1.13 g, 86%) . ESI- 
MS: m/z [4-1 - O T ff calc. 184.1121, found 184.1125.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
N-Benzylanilinium [2]Pseudorotaxanes 146
a H
f  g
H h
Table 4.6 -  *H NMR of [4-1] in CD3CN. MW = 183.241 g/mol
Proton 5 (ppm) Multiplicity # Protons /(H z)
a 7.23 t 1 3/ ab = 7.39
b 7.32 dd 2 Vba = 7.39, Vbc = 7.46
c 7.36 d 2 Vcb = 7.46
d 4.31 d 2 3J de = 6.02
e 4.92 br s 1 —
f 6.60 d 2 3Jfg = 7.27
g 7.08 dd 2 3/ gf = 7.27,3/gh = 7.31
h 6.59 t 1 3/ hg = 7.31
Table 4.7 - 'H NMR of [4-1][OTf] in CD3CN. MWOTr =  333.317 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a-c 7.36-7.52 m 1 —
d 4.60 s 2 —
e 9.05 br s 1 —
f-h 7.36-7.52 m 2 —
Titration of 4-1 monitoring chemical shift of Hd
Cherrical Shift v s  Bq o f HOTf
C horrical
4.65 n
4.55
4.40
4.35
ao 5.00.0 1.0 ZO 4.0 &0
E quivalents o f HCJTf
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4.5.3 Synthesis o f Compound MeOBnAnOMe [4-2]
This compound has been made before using different methods.106' 108 4- 
Methoxyaniline (1.00 g, 8.12 x 10'3 mol) and 4-methoxybenzyl chloride (0.636 g, 4.06 x 
10'3 mol) were dissolved in CH3CN and refluxed for 24 hours. The reaction was cooled to 
room temperature and the solid anilinium bromide that precipitated was filtered and 
discarded. The filtrate containing the product was concentrated and the resulting residue 
dissolved in CHCI3 and subjected to column chromatography (silica gel) using 
CHC^rhexanes (4:1). (Rf = 0.46, 0.560 g, 57%) The pure isolated solid was dissolved in 
isopropyl ether (10 ml) and trifluoromethanesulfonic acid (1 equivalent) was added 
dropwise to yield the iV-benzylanilinium as a white crystalline solid. ESI-MS: m/z [4-2 - 
O T ff calc. 244.1338, found 244.1320.
a b
'O C H 3
d
Table 4.8 -  *H NMR of [4-2] in CD3CN. MW= 243.291 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 7.27 d 2 3J ab = 8.25
b 6.87 d 2 3/ ba = 8.25
c 4.17 s 2 —
d 4.49 br s 1 —
e 6.71 d 2 3J ef=6.78
f 6.56 d 2 Vfe = 6.78
g 3.73 s 3 “
h 3.64 s 3 —
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Table 4.9 - 'H NMR of [4-2] [OTfj in CD3CN. MWOTr = 393.367 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 6.92 d 2 Vab = 8.69
b 7.27 d 2 3/ ba=8.69
c 4.46 s 2 —
d 8.65 br s 2 —
e 7.22 d 2 3/ef=9.05
f 6.98 d 2 3Jfe = 9.05
g 3.79 s 3 —
h 3.78 s 3 —
Titration of 4-2 monitoring chemical shift of Hc
Chemical Shift vs Eq of HOTf
4.50
4.45
4.40
4.25
4.20
4.15
0.0 20 4.0 5.0 6.01.0 3.0
Equivalents ofHOTf
O M e
OM e
O M e
' V
OM e
EXSY Spectrum of [4-2<=DB24C8] [OTfj
7
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4.5.4 Synthesis o f MeOBnAnCF3 [4-3]
4-Trifluoromethylaniline (1.00 g, 6.21 x 10'3 mol) and 4-methoxybenzyl chloride 
(0.486 g, 3.10 x 10'3 mol) were dissolved in CH3CN and reflnxed for 24 hours. The 
reaction was cooled to room temperature and the solid anilinium bromide that precipitated 
was filtered and discarded. The filtrate containing the product was concentrated and the 
resulting residue dissolved in CHCI3 and subjected to column chromatography (silica gel) 
using CHC^ihexanes (4:1). (Rf = 0.81, 0.600 g, 69%) The pure isolated solid was 
dissolved in isopropyl ether (10 ml) and trifluoromethanesulfonic acid (1 equivalent) was 
added dropwise to yield the iV-benzylanilinium as a white crystalline solid. ESI-MS: m/z 
[4-3 - O T ff calc. 282.1106, found 282.1108.
a b
C F3
d
Table 4.10 -  *H NMR of [4-3] in CD3CN. MW = 281.264 g/mol
Proton 5 (ppm) Multiplicity # Protons 7  (Hz)
a 6.88 d 2 V ab = 8.58
b 7.27 d 2 3Jba = 8.58
c 4.28 d 2 3Jcd = 5.98
d 5.42 br s 1 —
e 6.66 d 2 3Je f =8.62
f 7.36 d 2 3Jfe = 8.62
g 3.75 s 3 —
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Table 4.11 -  *H NMR of [4-3] [OTfj in CD3CN. MWOTr = 431.340 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 6.92 d 2 3/ ab = 8.67
b 7.28 d 2 3/ba = 8.67
c 4.58 s 2 —
d 9.20 br s 2 --
e 7.53 d 2 3Je f=8.50
f 7.82 d 2 3Jfe = 8.50
g 3.79 s 3 —
Titration of 4-3 monitoring chemical shift of Hc
Chemical Shift \&  Eq of HOTf
4.60 i
4.50
4.35
4.30 :j
4.25
0.0 4.0 5.0 6.01.0 20 ao c f 3
Equrolents of HOIT
EXSY Spectrum of [4-3cDB24C8] [OTf]
I
8 . 0
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4.5.5 Synthesis o f M eO BnAnN 02 [4-4]
4-Nitroaniline (2.00 g, 1.45 x 10'2 mol) and 4-methoxybenzyl chloride (1.13 g,
7.24 x 10'3 mol) were dissolved in CH3CN and refluxed for 24 hours. The reaction was 
cooled to room temperature and the solid anilinium bromide that precipitated was filtered 
and discarded. The filtrate containing the product was concentrated and the resulting 
residue dissolved in CHC13 and subjected to column chromatography (silica gel) using 
CHCbihexanes (4:1). (Rf = 0.50, 0.150 g, 8.0%) The pure isolated solid was dissolved in 
isopropyl ether (10 ml) and trifluoromethanesulfonic acid (1 equivalent) was added 
drop wise to yield the iV-benzylanilinium as a yellow crystalline solid. ESI-MS: m/z [4-4 - 
O T ff calc. 259.1077, found 259.1085.
a b
NO;
d
Table 4.12 -  *H NMR of [4-4] in CD3CN. MW = 258.266 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 6.89 d 2 3/ab -  8.62
b 7.27 d 2 V ba = 8.62
c 4.34 s 2 3/ cd = 5.91
d 6.03 s 1 —
e 6.62 d 2 3/ ef=9.24
f 7.99 d 2 3Jfe = 9.24
g 3.76 s 3 —
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
N-Benzylanilinium [2JPseudorotaxanes 152
Table 4.13 -  'H NMR of [4-4][OTfJ in CD3CN. MW0Tf  = 408.342 g/mol
Proton 5 (ppm) Multiplicity # Protons /(H z)
a 6.92 d 2 3/ ab = 8.70
b 7.27 d 2 3/ ba = 8.70
c 4.61 s 2
d - -  2
e 7.57 d 2 3/ e f =9.02
f  8.30 d 2 3/ fe = 9.02
g 3.79 s 3
Titration of 4-4 monitoring chemical shift of Hc
Chemical Shift vs Eq ofHOIT
Chemical Shift 
(ppm)
4.65 i
4.60-
4.55-
4.50
4.45
4.35
4.30
0.0 4.0 6.0 8.02.0
OMe OMe
<>NO,
Equivalents o f HOTf
EXSY Spectrum of [4-4<=DB24C8] [OTfl
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4.5.6 Synthesis of CF3BnAnOMe [4-5]
4-Methoxyaniline (1.00 g, 8.12 x 10'3 mol) and 4-trifluoromethylbenzyl bromide 
(0.971 g, 4.06 x 10'3 mol) were dissolved in CH3CN and refluxed for 3 hours. The 
reaction was cooled to room temperature and the solid anilinium bromide that precipitated 
was filtered and discarded. The filtrate containing the product was concentrated and the 
resulting residue dissolved in CHCI3 and subjected to column chromatography (silica gel) 
using CHCl3:hexanes (4:1). (Rf = 0.69, 0.804 g, 55%) The pure isolated solid was 
dissolved in isopropyl ether (10 ml) and trifluoromethanesulfonic acid (1 equivalent) was 
added dropwise to yield the iV-benzylanilinium as a white crystalline solid. ESI-MS: m/z 
[4-5 - O T ff calc. 282.1106, found 282.1103.
a b
f 3c
OCH;
d
Table 4.14 -  *H NMR of [4-5] in CD3CN. MW = 281.264 g/mol
Proton 5 (ppm) Multiplicity # Protons /(H z)
a 7.63 d 2
00II<*>
b 7.53 d 2 3/ba=8.14
c 4.35 s 2 —
d 4.75 s 1 —
e 6.71 d 2 3/ef = 8.91
f 6.54 d 2 3/fe = 8.91
g 3.65 s 3 —
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Table 4.15 - 'H NMR of [4-5][OTf] in CD3CN. MWOTr= 431.340 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 7.72 d 2 ii 00 £
b 7.56 d 2 3/ ba=8.14
c 4.62 t 2 3JCd = 5.64
d 9.03 br s 2 . .
e 7.31 d 2 3/ef=9.03
f 7.01 d 2 3/fe = 9.03
g 3.81 s 3 —
Titration of 4-5 monitoring chemical shift of Hc
Chemical Shift vs Eq o f HCTTf
4.7 i
4.6 -
4.6 -
Chemical Shift ^  
( P P ™ )  4 . 5  -
4.4 -
4.4
4.3
4.01.0 2.0 3.0 5.0 6.00.0
Equivalents o f HCfTf
OMe
>
OMe
EXSY Spectrum [4-5cDB24C8] [OTf]
6 . 8 6 .6  ppm7.8 7.6 7.4 7.2 7.08 . 0
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4.5.7 Synthesis of CF3BnAnCF3 [4-6]
4-Trifluoromethylaniline (1.00 g, 6.21 x 10‘3 mol) and 4-trifluoromethylbenzyl 
bromide (0.742 g, 3.10 x 10'3 mol) were dissolved in CH3CN and refluxed for 24 hours. 
The reaction was cooled to room temperature and the solid anilinium bromide that 
precipitated was filtered and discarded. The filtrate containing the product was 
concentrated and the resulting residue dissolved in CHC13 and subjected to column 
chromatography (silica gel) using CHCI3-.hexanes (4:1). (Rf= 0.83, 0.340g, 34.4%) The 
pure isolated solid was dissolved in isopropyl ether (10 ml) and trifluoromethanesulfonic 
acid (1 equivalent) was added dropwise to yield the jV-benzylanilinium as a white 
crystalline solid. ESI-MS: m/z [4-6 - OTf]+ calc. 320.0874, found 320.0884.
a b
F3C'
C F ;
d
Table 4.16 -  *H NMR of [4-6] in CD3CN. MW = 319.237 g/mol
Proton 5 (ppm) Multiplicity # Protons /(H z)
a 7.65 d 2 3J ab = 8.07
b 7.53 d 2 3/ ba=8.07
c 4.47 d 2 3 Jed = 6.16
d 5.59 br s 1 —
e 6.67 d 2 3Je f = 8 . 5 8
f 7.38 d 2 3Jfe = 8.58
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Table 4.17 -  'H NMR of [4-6][OTf| in CD3CN. MWOTf=  469.313 g/mol
Proton 6 (ppm) Multiplicity # Protons /(H z)
a 7.72 d 2 3/ab = 9.06
b 7.58 d 2 3/ba = 9.06
c 4.73 s 2 —
d 9.48 br s 2 —
e 7.60 d 2 3/ef= 8.60
f 7.84 d 2 3Jfe=8.60
Titration of 4-6 monitoring chemical shift of Hc
Chemical Shift Vs Eq of HOTf
4.75 I
4.70 -
4.65 -
Chemical Shift .4.60 -(ppm)
4.55 -
4.50-
4.45
0.0 2.0 4.0
Equivalents of H O If
+-
EXSY Spectrum of [4-6cDB24C8] [OTf]
J
8 . 0
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4.5.8 Synthesis of CF3BnAnN02 [4-7]
4-Nitroaniline (2.00 g, 1.45 x 10"2 mol) and 4-trifluorobenzyl chloride (1.72 g,
7.24 x 10'3 mol) were dissolved in CH3CN and refluxed for 24 hours. The reaction was 
cooled to room temperature and the solid anilinium bromide that precipitated was filtered 
and discarded. The filtrate containing the product was concentrated and the resulting 
residue dissolved in CHCI3 and subjected to column chromatography (silica gel) using 
CHCl3:hexanes (4:1). (Rf = 0.53, 1.05 g, 49%) The pure isolated solid was dissolved in 
isopropyl ether (10 ml) and trifluoromethanesulfonic acid (1 equivalent) was added 
dropwise to yield the iV-benzylanilinium as a yellow crystalline solid. ESI-MS: m/z [4-7 - 
O T ff calc. 297.0845, found 297.0854.
a b
NO;
d
Table 4.18 -  'H  NMR of [4-7] in CD3CN. MW = 296.239 g/mol
Proton 5 (ppm) Multiplicity # Protons /(H z )
a 7.66 d 2 3Jab = 8.04
b 7.53 d 2 3/ ba=8.04
c 4.52 d 2 3/ Cd = 6.18
d 6.18 br s 1 —
e 6.63 d 2 3/ef=9.17
f 8.00 d 2 3/fe = 9.17
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Table 4.19 - *H NMR of [4-7] [OTf] in CD3CN. MWOTr= 446.315 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 7.72 d 2 3Jab = 8.14
b 7.57 d 2 3Jba=8.14
c 4.74 s 2 —
d 9.17 br s 2 —
e 7.60 d 2 3/ e f=8 .98
f 8.31 d 2 3Jfe = 8.98
Titration of 4-7 monitoring chemical shift of Hc
Chercmcal Shift vs Eq ofHOTf
4.80 1
4.70-
Qierrical Shift .
.  4 .00  '
<PP*»)
4.60 -
4.55 -
4.50
6.0 600.0 20 4.0
Eqwvaleiits of HOTf
CF;
n o 2
EXSY Spectrum of [4-7cDB24C8][OTf|
J
#?■
ppm
6 . 6
.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6
8 . 2
ppm
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4.5.9 Synthesis o f N 0 2BnAnO M e [4-8]
4-Methoxyaniline (1.14 g, 9.26 * 10"3 mol) and 4-nitrobenzyl bromide (1.00 g, 
4.63 x 10"3 mol) were dissolved in CH3CN and refluxed for 24 hours. The reaction was 
cooled to room temperature and the solid anilinium bromide that precipitated was filtered 
and discarded. The filtrate containing the product was concentrated and the resulting 
residue dissolved in CHCI3 and subjected to column chromatography (silica gel) using 
CHCl3:hexanes (4:1). (Rf = 0.50, 0.915 g, 56%) The pure isolated solid was dissolved in 
isopropyl ether (10 ml) and trifluoromethanesulfonic acid (1 equivalent) was added 
dropwise to yield the N-benzylanilinium as a yellow crystalline solid. ESI-MS: m/z [4-8 - 
O T ff calc. 259.1077, found 259.1082.
a b
d
Table 4.20 -  'if  NMR of [4-8] in CD3CN. MW = 258.266 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z )
a 8.15 d 2 3Jab = 8.57
b 7.57 d 2 3/ba=8.57
c 4.40 s 2 —
d — br s 1 —
e 6.71 d 2 3Jef= 8 .8 7
f 6.54 d 2 3Jfe = 8.87
g 3.66 s 3 —
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Table 4.21 - ‘H NMR of [4-8][OTf] in CD3CN. MWOTr= 408.342 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 8.21 d 2 3/ ab = 8.72
b 7.60 d 2 3/ ba=8.72
c 4.66 s 2 —
d 9.10 s 2 —
e 7.30 d 2 V ef=9.04
f 7.00 d 2 Vfe -  9.04
g 3.81 s 3 —
Titration of 4-8 monitoring chemical shift of Hc
Chemical Shift vs Eq ofHOTf
4.70 -]
4.60
4.55 -
4.50
4.45
4.40
4.35
5.0 6.01.0 2.0 3.0 4.00.0
Equivalents ofHOTf
OMe
' V
OMe
EXSY Spectrum of [4-8cDB24C8] [OTfj
n i
8.4
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4.5.10 Synthesis o f N 0 2BnAnCF3 [4-9]
4-Trifluoromethylaniline (2.00 g, 1.24 x 10'2 mol) and 4-nitrobenzyl bromide 
(1.34 g, 6.21 x 10'3 mol) were dissolved in CH3CN and refluxed for 24 hours. The 
reaction was cooled to room temperature and the solid anilinium bromide that precipitated 
was filtered and discarded. The filtrate containing the product was concentrated and the 
resulting residue dissolved in CHCI3 and subjected to column chromatography (silica gel) 
using CHCl3:hexanes (4:1). (Rf = 0.69, 0.600 g, 33%) The pure isolated solid was 
dissolved in isopropyl ether (10 ml) and trifluoromethanesulfonic acid (1 equivalent) was 
added dropwise to yield the iV-benzylanilinium as a white crystalline solid. ESI-MS: m/z 
[4-9 - OTf]+ calc. 297.0845, found 297.0835.
a b
CF
d
Table 4.22 -  XH NMR of [4-9] in CD3CN. MW = 296.239 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 8.17 d 2 3/ ab = 8.68
b 7.56 d 2 3Jba=8.68
c 4.51 d 2 3/ cd = 6.27
d 5.66 br s 1 —
e 6.66 d 2 3/ef=8.63
f 7.37 d 2 3Jfe = 8.63
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Table 4.23 - 'H NMR of [4-9] [OTf] in CD3CN. MW0Tr = 446.315 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 8.23 d 2 3Jab = 8.80
b 7.62 d 2 3/ ba = 8.80
c 4.76 s 2 —
d — — 2 —
e 7.61 d 2 3Je f =8.84
f 7.85 d 2 3Jfe = 8.84
Titration of 4-9 monitoring chemical shift of Hc
Chemical Shift vs Eq ofH O Tf
4.80 -i
4.75 -
4.70 '
4.65 -
Chemical Shift 
(PP>n) 4 6 0
4.55 -
4.50
4.45
2.0 4.0 8.00.0 6.0
n o 2 NO*
Equivalents ofH O Tf
EXSY Spectrum of [4-9cDB24C8] [OTf|
i
8.4
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4.5.11 Synthesis o f N 0 2B nA nN 02 [4-10]
4-Nitroaniline (1.00 g, 7.24 x 10'3 mol) and 4-nitrobenzyl bromide (0.782 g, 3.62 
x 10‘3 mol) were dissolved in CH3CN and refluxed for 24 hours. The reaction was cooled 
to room temperature and the solid anilinium bromide that precipitated was filtered and 
discarded. The filtrate containing the product was concentrated and the resulting residue 
dissolved in CHCI3 and subjected to column chromatography (silica gel) using 
CHCl3:hexanes (4:1). (Rf = 0.27, 0.360 g, 36%) The pure isolated solid was dissolved in 
isopropyl ether (10 ml) and trifluoromethanesulfonic acid (1 equivalent) was added 
dropwise to yield the TV-benzylanilinium as a yellow crystalline solid. ESI-MS: m/z [4-10 
- O T ff calc. 274.0822, found 274.0829.
a b
0 2N'
d
Table 4.24 -  *H NMR of [4-10] in CD3CN. MW = 273.241 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 8.18 d 2 3 Jab = 8.91
b 7.56 d 2 3Jba = 8.91
c 4.57 s 2 —
d 6.21 br s 1 —
e 6.63 d 2 3Je f=9.27
f 8.00 d 2 3Jfe = 9.27
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Table 4.25 - 'H NMR of [4-10] [OTfj in CD3CN. MWOTr= 423.317 g/mol
Proton 8 (ppm) Multiplicity # Protons J  (Hz)
a 8.32 d 2 V ab = 8.74
b 7.63 d 2 3Jba = 8.74
c 4.78 s 2
d 9.50 br s 2
e 7.61 d 2 3Jef = 8.22
f 8.22 d 2 3Jfe -  8.22
Titration of 4-10 monitoring chemical shift of Hc
Chemical Shift vs Eq ofHOTf
4.80 I
4.75
4.70 -
Chemical Shit 
(PPm)
4.65
4.60 -
4.55
4.0 6.00.0 2.0 8.0
Equivalents ofHOTf
NO;
n o 2
EXSY Spectrum of [4-10cDB24C81[OTf]
8 . 6 ppm
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4.5.12 Synthesis of 3,5-BisCF3BnAnOMe [4-11]
4-Methoxyaniline (2.00 g, 1.62 x 10'2 mol) and 3,5-dimethylbenzyl bromide (2.49
*5
g, 8.12 x 10' mol) were dissolved in CH3CN and refluxed for 24 hours. The reaction was 
cooled to room temperature and the solid anilinium bromide that precipitated was filtered 
and discarded. The filtrate containing the product was concentrated and the resulting 
residue dissolved in CHCI3 and subjected to column chromatography (silica gel) using 
CHCl3:hexanes (4:1). (Rf = 0.76, 1.41 g, 50%) The pure isolated solid was dissolved in 
isopropyl ether (10 ml) and trifluoromethanesulfonic acid (1 equivalent) was added 
dropwise to yield the iV-benzylanilinium as a white crystalline solid. ESI-MS: m/z [4-11 - 
O T ff calc. 350.0971, found 350.0971.
d
Table 4.26 -  'H NMR of [4-11] in CD3CN. MW = 349.262 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 7.86 s 1 —
b 7.94 s 2 —
c 4.42 s 2 —
d 4.79 br s 1 —
e 6.72 d 2 3/ef=8.91
f 6.55 d 2 Vfe = 8.91
g 3.66 s 3 —
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Table 4.27 - 'H NMR of [4-11][OTf[ in CD3CN. MWOTr= 499.311 g/mol
Proton 6 (ppm) Multiplicity # Protons J  (Hz)
a 8.09 s 1
b 7.95 s 2
c 4.69 br s 2
d 9.09 br s 2
e 7.31 d 2 3Jef=8.98
f 7.03 d 2 Vfe -  8.98
g 3.81 s 3
Titration of 4-11 monitoring chemical shift of Hc
Chem ical Shift vs Eq ofH O Tf
4.75-1
4.70 -
4.65
Chemical Shift
(ppm) 4 5 5
4.50 ~
4.45 -
4.40
0.0 ZO 3.0 4.0 5.0 6.01.0
OM e
CF3SO3H
c f 3
CF3 S0 3
Equivalents HOTf
EXSY Spectrum of [4-1 lcDB24C8] [OTfj
m
8 . 2  8 . 0  7 . 8  7 . 6  7 . 4  7 . 2  7 . 0  6 . 8  6 . 6
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4.5.13 Synthesis o f 3,5-BisCF3BnAnCF3 [4-12]
4-Trifluoromethylaniline (2.00 g, 1.24 x 10'2 mol) and 3,5-dimethylbenzyl
•5
bromide (1.91 g, 6.21 x 10' mol) were dissolved in CH3CN and refluxed for 24 hours. 
The reaction was cooled to room temperature and the solid anilinium bromide that 
precipitated was filtered and discarded. The filtrate containing the product was 
concentrated and the resulting residue dissolved in CHCI3 and subjected to column 
chromatography (silica gel) using CHCl3:hexanes (4:1) (Rf = 0.83, 1.46 g, 61%). The 
pure isolated solid was dissolved in isopropyl ether (10 ml) and trifluoromethanesulfonic 
acid (1 equivalent) was added dropwise to yield the iV-benzylanilinium as a white 
crystalline solid. ESI-MS: m/z [4-12 - O T ff calc. 388.0742, found 388.0743.
CF:
d
Table 4.28 -  *H NMR of [4-12] in CD3CN. MW = 387.235 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 7.89 s 1 —
b 7.93 s 2 —
c 4.52 d 2 —
d 6.65 br s 1 —
e 6.68 d 2 3/ e f = 8 .4 9
f 7.39 d 2 3J fe = 8.49
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Table 4.29 -  ‘H NMR of [4-12] [OTf| in CD3CN. MWo lf  = 537.261 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 8.10 s 1
b 7.96 s 2
c 4.78 s 2
d — — 2
e 7.58 d 2 3/ ef=8.36
f 7.85 d 2 3Jfe = 8.36
Titration of 4-12 monitoring chemical shift of Hc
Chemical S iifi vs Eq HOTTf
4.85 i
4.80 -
4.75 -
4.70 -
Chemical Shift 
(ppm) 4.65 -
4.60 -
4.55-
4.50
6.00.0 1.0 2.0 3.0 4.0 5.0
F 3 ^ v  3 ^ 3 ^ ^ .............................^ » C F 3
X j  x y
T T
$C F , <5C F ,
Equivalents ofH O Tf
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
N-Benzylanilinium [2]Pseudorotaxanes 169
4.5.14 Synthesis o f 3,5-BisCF3B nA nN 02 [4-13]
4-Nitroaniline (0.900 g, 6.51 x 10'3 mol) and 3,5-dimethylbenzyl bromide (1.00 g, 
3.26 x 10‘3 mol) were dissolved in CH 3 C N  and refluxed for 48 hours. The reaction was 
cooled to room temperature. The product precipitated as a yellow solid and was collected 
by vacuum filtration (0.518 g, 44%). The pure isolated solid was dissolved in isopropyl 
ether (10 ml) and trifluoromethanesulfonic acid (1 equivalent) was added dropwise to 
yield the iV-benzylanilinium as a pale yellow crystalline solid. ESI-MS: m/z [4-13 - OTf]+ 
calc. 365.0719, found 365.0735.
d
Table 4.30 -  1II NMR of [4-13] in CD3CN. MW = 364.243 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 7.91 s 1 —
b 7.93 s 2 —
c 4.59 d 2 3Jed ~ 6.20
d 6.15 br s 1 —
e 6.65 d 2 3/ef=8.21
f 8.02 d 2 3/fe = 8.21
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Table 4.31 -  ‘H NMR of [4-13][OTf| in CD3CN. MWOTr= 514.313 g/mol
Proton 5 (ppm) Multiplicity # Protons J  (Hz)
a 8.12 s 1
b 8.02 s 2
c 4.81 s 2
d — — 2
e 7.67 d 2 3J e f =9.03
f 8.35 d 2 3Jfe = 9.03
Titration of 4-13 monitoring chemical shift of Hc
Chemical Shift \ s  Eq ofHOTT
4.85
4.80
4.75
Chemical Shift 4 7Q 
(ppm)
4.65
4.60
ao1.0 2.0 ao 4.0 5.00.0
Equivalents ofHOTf
EXSY Spectrum of [4-13cDB24C8][OTf]
6 . 5  ppm8 . 5
n o 2
CF3SO3H
X
O '
c f 3
CF3S0 3
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4.5.15 Synthesis of C6F5BnAnOMe [4-14]
4-Methoxyaniline (0.944 g, 7.66 x 10'3 mol) and pentafluorobenzyl bromide (1.00
•3
g, 3.83 x 10" mol) were dissolved in CH3CN and refluxed for 24 hours. The reaction was 
cooled to room temperature and the solid anilinium bromide that precipitated was filtered 
and discarded. The filtrate containing the product was concentrated and the resulting 
residue dissolved in CHCI3 and subjected to column chromatography (silica gel) using 
CHCl3:hexanes (4:1). (Rf = 0.67, 1.01 g, 86%) The pure isolated solid was dissolved in 
isopropyl ether (10 ml) and trifluoromethanesulfonic acid (1 equivalent) was added 
dropwise to yield the iV-benzylanilinium as a white crystalline solid. ESI-MS: m/z [4-14 - 
OTf\+ calc. 304.0756, found 304.0767.
b
Table 4.32 -  'H NMR of [4-14] in CD3CN. MW = 303.221 g/mol
Proton 5 (ppm) Multiplicity # Protons /(H z)
a 4.41 s 2 —
b 4.41 s 1 —
c 6.77 d 2 3J cd = 9.07
d 6.67 d 2 3/ dc = 9.07
e 3.70 s 3 —
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Table 4.33 -  'H NMR of [4-14][OTf] in CD3CN. MWOTr= 453.297 g/mol
Proton 8 (ppm) Multiplicity # Protons J  (Hz)
a 4.70 s 2
b 9.21 s 2
c 7.34 d 2 3Jcd = 9.00
d 7.04 d 2 V dc = 9.00
e 3.84 s 3
Titration of 4-14 monitoring chemical shift of Ha
Chem ical Shift vs Eq ofH O Tf
4.70
4.60
4.55
Chemical Shift 
(p p m ) 4.50
4.45
4.40
4.35
0.0 1.0 2.0 3.0 4.0 6.05.0
.F
F
OMe OMe
Equivalents ofH O T f
EXSY Spectrum of [4-14cDB24C8] [OTf]
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4.5.16 Synthesis o f C6F5BnAnCF3 [4-15]
-2
4-Trifluoromethylaniline (1.00 g, 6.21 x 10' mol) and pentafluorobenzyl bromide 
(0.810 g, 3.10 x 10'3 mol) were dissolved in CH3CN and refluxed for 24 hours. The 
reaction was cooled to room temperature and the solid anilinium bromide that precipitated 
was filtered and discarded. The filtrate containing the product was concentrated and the 
resulting residue dissolved in CHCI3 and subjected to column chromatography (silica gel) 
using CHC^ihexanes (4:1). (Rf = 0.83, 0.864 g, 41%) The pure isolated solid was 
dissolved in isopropyl ether (10 ml) and trifluoromethanesulfonic acid (1 equivalent) was 
added dropwise to yield the iV-benzylanilinium as a white crystalline solid. ESI-MS: m/z 
[4-15 - OTf]+ calc. 342.0524, found 342.0532.
c f 3
b
Table 4.34 -  *H NMR of [4-15] in CD3CN. MW = 341.194 g/mol
Proton 6 (ppm) Multiplicity # Protons /(H z)
a 4.48 d 2 3/ ab = 6.43
b 5.37 br s 1 —
c 6.75 d 2 3 JCd = 8.66
d 7.42 d 2 3Jdc = 8.66
Table 4.35 -  *H NMR of [4-15] [OTf] in CD3CN. MWOTr = 491.270 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 4.78 s 2 —
b — — 2 —
c 7.61 d 2 3J Cd = 8.53
d 7.85 d 2 3Jdc = 8 . 5 3
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Titration of 4-15 monitoring chemical shift of Ha
Chemical Shift w  Eq ofHOTf
Chemical Shift
4.80 -i
4.75 -
4.70 -
4.65
4.60 -
4.55 -
4.50 -
4.45
8.00.0 2.0 4.0 6.0
,F
F
H
Equivalents ofHOTf
EXSY Spectrum of [4-15cDB24C8][OTf]
7 . 1
7 . 2
7 . 3  
• 7 . 4  
• 7 . 5  
• 7 . 6  
• 7 . 7  
• 7 . 8  
• 7 . 9  
- 8 . 0
8 . 0  7 . 9  7 . 8  7 . 7  7 . 6  7 . 5  7 . 4  7 . 3  7 . 2  7 . 1  ppm
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4.5.17 Synthesis of C6F5B nA nN 02 [4-16]
4-Nitroaniline (2.00 g, 1.45 x 10'2 mol) and 4-pentafluorobenzyl bromide (1.89 g, 
7.24 x 10' mol) were dissolved in CH3CN and refluxed for 24 hours. The reaction was 
cooled to room temperature and the solid anilinium bromide that precipitated was filtered 
and discarded. The filtrate containing the product was concentrated and the resulting 
residue dissolved in CHCI3 and subjected to column chromatography (silica gel) using 
CHCbihexanes (4:1). (Rf = 0.57, 0.937g, 41%) The pure isolated solid was dissolved in 
isopropyl ether (10 ml) and trifluoromethanesulfonic acid (1 equivalent) was added 
drop wise to yield the TV-benzylanilinium as a pale yellow crystalline solid. ESI-MS: m/z 
[4-16 - OTf]+ calc. 319.0500, found 319.0494.
b
Table 4.36 -  *H NMR of [4-16] in CD3CN. MW0xr= 318.196 g/mol
Proton 6 (ppm) Multiplicity # Protons /(H z)
a 4.53 d 2 3J ab = 6.22
b 5.97 br s 1 —
c 6.70 d 2 3/ cd = 9.22
d 8.04 d 2 3Jdc = 9.22
Table 4.37 - *H NMR of [4-16] [OTf] in CD3CN. MWOTr  = 468.272 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 4.81 s 2 —
b — — 2 —
c 7.67 d 2 3/ cd = 8.95
d 8.33 d 2 3/ dc = 8.95
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Titration of 4-16 monitoring chemical shift of Ha
Chemical Shift vs Eq o f HOIT
4.85 I
4.80-
4.75-
C heirical Shift
(PI»* 4  g s  .
4.60 -
4.55
4.50
10.0 15.0 20.0 25.00.0 5.0
Equivalents ofH O Tf
EXSY Spectrum of [4-16cDB24C8][OTf]
I
| ,  i—__i__. |
8 . 4  8 . 2  8 . 0  7 . 8  7 . 6  7 . 4  7 . 2  7 . 0  6 . 8  6 . 6 ppm
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
CHAPTER 5
[2]Rotaxane Molecular Shuttles
5.1 In t r o d u c t io n
In a [2]rotaxane molecular shuttle, there are two recognition sites on the thread for 
the ring to occupy. As a result, there exists the possibility of two translational isomers. 
The bis(dipyridinium)ethane/24C8 motif has been incorporated into molecular shuttles, 
where both recognition sites were bis(pyridinium)ethane based.46,48 The first description 
of a shuttle using this motif was degenerate, consisting of two identical l,2-bis(4,4'- 
dipyridinium)ethane sites capped with t-butylbenzyl stoppers (one blue and one green) 
and DB24C8 as the macrocycle (Figure 5.1). At room temperature, the NMR spectrum 
showed that the crown ether was shuttling between the two sites as there was only one set 
of proton resonances. VT 'H NMR spectroscopy determined coalescence to occur at 20°C 
and the rate of exchange between the two equally populated states was calculated to be 
320 s' 1 with a AG# = 57.5 kJ/mol. A similar, but non-degenerate, shuttle was studied 
where one of the r-butylbenzyl capped dipyridinium ends was substituted with t- 
butylpyridine (Figure 5.2). In this shuttle, coalescence occurred at 0°C with an exchange 
rate of 222 s' 1 and AG^ = 54.3 kJ/mol. Integration of the peaks in the limiting spectrum 
allowed for the determination of the isomer ratios which was found to be 2 :1, with the 
l,2-bis(4,4'-dipyridinium)ethane site (blue site) being favoured over the l-(4,4'- 
dipyridinium)-2-(/-butylpyridinium)ethane site (green site). Although a population
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difference was introduced by making the two recognition sites different, there is no 
control mechanism incorporated into the design of the shuttle.
j€Lj
Figure 5.1 -  Degenerate [2]rotaxane molecular shuttle.
v
Figure 5.2 -  Non-degenerate [2]rotaxane molecular shuttle.
In Chapter 4, the benzylanilinium recognition site was presented as a hybrid 
between the well-established dibenzylammonium and bis(pyridinium)ethane binding 
motifs (Figure 4.1). The benzylanilinium combined the strong hydrogen bonding 
capabilities and acid/base control of the dibenzylammonium with the structural properties
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and enhanced ^-stacking properties of bis(pyridinium)ethane. In Chapter 3, it was 
discussed how electronic control over the complexation and decomplexation of the 
[2]pseudorotaxane system was accompanied by a colour change due to the ON/OFF 
switching of an intramolecular charge transfer. It seemed reasonable to incorporate both 
properties into a [2]rotaxane molecular shuttle. The proposed system consists of two 
recognition sites, one a bis(pyridinium)ethane, the other a benzylanilinium, DB24C8 as 
the macrocyclic ring, as well as a chromophoric unit, 4-pyridiniumaniline. Acid/base will 
be used as a means of chemically controlling the position of the ring.
Figure 5.3 -  Illustration of proposed [2]rotaxane molecular shuttle.
5.2 Sy n th esis  a n d  St r u c tu r a l  Ch a r a c te r iza t io n
5.2.1 Synthesis
The bis(pyridinium)ethane site was constructed first. Beginning with a Suzuki 
coupling reaction, 4-pyridylaniline (5-1) was synthesized and then subsequently reacted 
with 1,2-dibromoethane to make 5-2+. Further reaction with 3,5-lutidine, which also
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conveniently acts as a stopper, gave 5-32+. Once the bis(pyridinium)ethane site was intact, 
it was combined with five equivalents of DB24C8 and half an equivalent of one of 
various benzyl bromide compounds to give the [2]rotaxane molecular shuttle (Scheme 
5.1). As mentioned in Chapter 4, one equivalent of the aniline is consumed as a base as 
the other equivalent forms the benzylanilinium site. The excess crown is added to favour 
[2]pseudorotaxane formation. Since only one recognition site is intact when the 
pseudorotaxane is formed and the second recognition site is not established until the 
rotaxane is capped, only the [2]rotaxane is synthesized. This is synthetically important 
because separation of [2]rotaxane and [3]rotaxane is not required as it was in the 
examples mentioned at the beginning of this chapter.46, 48 The [3]rotaxane, although it 
may give pertinent information, is not a viable switch as both recognition sites are 
occupied.
Part of the synthetic attractiveness of this system lies in the ability to incorporate 
different properties into the shuttle simply by changing the benzyl bromide stoppering 
group. 3,5-Bis(trifluoromethyl)benzyl bromide and 9-bromomethylanthracene (5-6) are 
used as stoppering groups to prepare 5-4a2+ and 5-7a2+, respectively. Furthermore, an 
intramolecular charge transfer between the electron rich aniline nitrogen and the 
positively charged pyridinium nitrogen generates an intense yellow colour. Many features 
have been incorporated into the design of this molecular system. These features and the 
different ways of monitoring the mechanical shuttling movements will be examined.
Throughout this chapter, compound numbers followed by an “a” signify non- 
protonated species whereas those followed by a “b” signify the protonated species.
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Br-
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Scheme 5.1 -  Synthetic scheme for the synthesis of the [2]rotaxane molecular 
shuttles 5-4a2+ and 5-7a2+.
5.2.2 *H NMR Spectroscopy
Figure 5.4 shows the *H NMR spectra of capped thread 5-5a2+and [2]rotaxane
5-4a2+ in CD3CN illustrating typical bis(pyridinium)ethane interactions with DB24C8. 
The ethylene protons d and e as well as the ortho pyridinium protons c and f  shift 
downfield since they are involved in hydrogen bonding with the crown ether. The proton 
resonances b, g and h shift upfield due to 71-stacking interactions caused by the ring 
currents of the aromatic rings on the crown ether. Interestingly, the protons on the
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benzylaniline side of the thread i, k, 1 and m do not shift at all. This indicates that the 
crown is only situated on the bis(pyridinium)ethane site, which is as expected since 
unprotonated benzylaniline is incapable of complexing with DB24C8.
a
*\=
OF-
d e
—  NH
1~& 8 7 6 5
Figure 5.4 -  Partial XH NMR spectra of a) capped thread 5-5a2+ and b) [2]rotaxane 
5-4a2+ in CD3CN at 500 MHz.
5.2.3 X-ray Crystallography
Single crystals of [5-4a][OTf]2 were grown by slow evaporation of an acetonitrile 
solution. Figure 5.5 illustrates the structure and shows the crown located at the 
bis(dipyridinium)ethane site, in a “C”-shaped conformation instead of the typical “S”- 
shaped conformation seen for most other crystal structures with this binding motif.37'46,49 
However, this is similar to what was observed in the [CF3BnAnCF3cDB24C8] [OTf]
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structure in the previous chapter (Figure 4.7); the crown ether was in a “C” conformation 
over the anilinium ring of the thread. In that compound, the conformation was attributed 
to enhanced 7i-stacking with the more electron poor anilinium ring in an arrangement that 
supported stronger hydrogen bonding. Here, the intramolecular charge transfer from the 
aniline nitrogen to the pyridinium nitrogen results in reduction of the positive charge at 
the pyridinium nitrogen and an increase in the electron density of the aromatic ring which 
repels the electron rich catechol rings of the crown ether.100’ 101 Consequently, the crown 
ether aromatic rings interact in a Ji-stacking manner with the lutidinium ring despite the 
presence of the methyl groups which could sterically encumber this conformation. The n- 
stacking distances as measured from centroid to centroid of the aromatic rings are 3.82 
and 3.75 A which are in the upper limits of distance for which tt-stacking interactions are 
plausible. The dihedral angle C12-C13-C15-C16 is 11.1° which lends some credence to 
the proposed intramolecular charge transfer reasoning. Both bis(pyridinium)ethane and 
benzylanilinium recognition sites are in the anti conformation.
Figure 5.5 -  X-ray crystal structure of [5-4a][OTf]2 rotaxane; black = carbon, blue = 
nitrogen, red = oxygen, fluorine = green. Hydrogen atoms and triflate anions have 
been omitted for clarity.
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5.3 A cid /B ase  Sh u ttlin g  Pa r t  I
5.3.1 NMR Spectroscopy
The colour scheme depicted in Scheme 5.2 divides the molecular shuttle into three 
sections. The blue is the bis(dipyridinium)ethane site, the green is the benzylanilinium 
site and the yellow/black is the 4-pyridiniumaniline chromophore unit that links the two 
sites together. As previously mentioned, when the benzylaniline site is not protonated, 
DB24C8 exclusively occupies the bis(pyridinium)ethane site (Scheme 5.2, left). 
However, once the thread is protonated, the crown has two viable sites with which it can 
interact. The ’H NMR spectra in C D 3 C N  of the unprotonated (top) and protonated 
(bottom) molecular shuttles are shown in Figure 5.6. The spectrum of the protonated 
species (5-4b3+) reveals that, at room temperature, the crown is shuttling between the two 
sites. Comparing the integration of peaks representing the benzyl CH2 protons, k, when 
DB24C8 is present at the benzylanilinium site (k) and when it is at the 
bis(pyridinium)ethane site (k’) reveals that DB24C8 prefers the protonated 
benzylanilinium site in a ratio of 3:1.
H ,C
9
1 2 3 4 5
Scheme 5.2 -  Labeling scheme for [2] rotaxane molecular shuttle acid/base switch
5-4a2+ and 5-4b3+.
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Figure 5.6 -  'H NMR spectra of a) 5-4a2+ and b) 5-4b3+ in CD3CN at 500 MHz and 
30°C.
:i
11
U
|m
I '   I   vynr-r-. |   |
9 8 7 6 5
Figure 5.7 -  'h  NMR spectra of a) 5-4a2+ and b) 5-4b3+ in CD2CI2 at 500 MHz and 
30°C.
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Figure 5.7 shows the *H NMR spectra in CD2CI2 of unprotonated (top) and 
protonated (bottom) molecular shuttles. In the unprotonated spectrum, again, only one set 
of peaks is present indicating that the crown ether resides only on the 
bis(pyridinium)ethane site. In contrast to the CD3CN scenario, the spectrum of the 
protonated shuttle in CD2CI2 only has one set of peaks. In order to determine which site 
the crown is at, the chemical shifts in the CD2CI2 *H NMR spectrum of protonated shuttle 
(5-4b3+) must be compared to the chemical shifts of the protonated capped thread 
(5-5b3+). Table 5.1 gives a tabulated comparison of these shifts. It shows that protons f, c, 
b, d and e, those located at the bis(pyridinium)ethane site, do not shift at all between the 
two spectra. This indicates that these protons are not interacting directly with the crown 
ether. Conversely, protons associated with the benzylanilinium site, i, j, k and 1 shift 
downfield whereas h and m shift upfield. The downfield shift is a result of hydrogen 
bonding interactions with the crown ether oxygen atoms and the upfield shift is due to n- 
stacking interactions between the electron rich crown aromatic rings and the electron poor 
aromatic rings of the thread. To summarize, the lH NMR spectra in CD2CI2 of 
unprotonated and protonated molecular shuttles 5-4a2+ and 5-4b3+ give direct evidence 
that when the thread is unprotonated the crown resides only at the bis(pyridinium)ethane 
site and when the thread is protonated the crown resides only at the benzylanilinium site. 
This implies that in CD2CI2, molecular shuttle 5-4 demonstrates authentic bistability.
Addition of base returns the shuttle to its original state. The shuttle can be cycled 
by repeated addition of acid and base without significant degradation of the compound. 
This was confirmed by both *H NMR and UV-visible spectroscopic analysis.
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Table 5.1 -  Comparison of 'id NMR Chemical Shifts in CD2CI2.
Proton 5-5a2+ 5-4a2+ AS 5-5b3+ 5-4b3+ AS
b 8.10 7.58 0.52 8.23 8.24 - 0 . 0 1
c 9.21 8.45 0.76 8.47 8.49 -0.02
d 5.19 5.39 -0.20 5.10 5.09 0.01
e 5.14 5.27 -0.13 5.15 5.14 0.01
f 9.22 8.94 0.29 8.86 8.88 -0.02
PH 8.07 8.04 0.04 8.32 8.23 0.08
h 7.79 7.74 0.05 8.02 7.83 0.19
i 6.80 6.78 0.02 7.66 7.77 - 0 . 1 0
i — 5.58 — 9.21 9.63 -0.42
k 4.64 4.66 - 0 . 0 1 4.82 5.50 -0.68
1 7.86 7.89 -0.02 7.88 8.06 -0.18
m 7.86 7.85 0.01 8.05 7.73 0.32
5.3.2 19F NMR Spectroscopy
The incorporation of trifluoromethyl groups on the benzyl stopper on the 
benzylanilinium side of the thread offers the potential to use 19F NMR spectroscopy as 
another method of monitoring the switching of the crown ether between recognition sites. 
Since fluorine atoms have nine electrons, in contrast to one electron for a hydrogen atom, 
fluorine has a higher sensitivity to its local environment than hydrogen. As a result, the 
chemical shift range of fluorine is much larger than for hydrogen. In fact, fluorine’s range 
spans from about -300 ppm to 400 ppm.109,110 Chemical shifts are reported with respect to 
CFCI3 as the reference.
It has been established that in CD2CI2, the molecular shuttle shows complete bias 
for the crown to sit at a particular site depending on whether the thread is protonated or 
not. Based on this knowledge, the 19F NMR spectra of the capped thread (5-5) and 
[2]rotaxane (5-4), both protonated and unprotonated, were run in CD2CI2. Not 
surprisingly, the chemical shift of the -C F3 resonances of the unprotonated capped thread
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and unprotonated [2]rotaxane were almost identical, -63.60 ppm and -63.54 ppm, 
respectively. As previously stated, the crown ether is stationed at the 
bis(pyridinium)ethane site when the thread is not protonated, thus the immediate chemical 
environment of the trifluoromethyl groups in the capped thread and in the [2]rotaxane are 
the same. Protonation of the capped thread results in an upfield shift of the CF3 peak 
(-64.28 ppm) compared to the unprotonated capped thread (-63.60 ppm). Since the crown 
ether shuttles to the benzylanilinium site when the thread is protonated, there should be a 
difference in the chemical shift of the fluorine atoms between the protonated capped 
thread and the protonated [2]rotaxane. Indeed, the fluorine shift for protonated 
[2]rotaxane is located downfield at -63.34 ppm compared to the protonated capped thread 
resonance at -64.28 ppm. However, the overall chemical shift difference between 
unprotonated [2]rotaxane (-63.54 ppm) and protonated [2]rotaxane (-63.34 ppm) is 0.20 
ppm which is insignificant considering that the chemical shift range for fluorine is over 
700 ppm! Although the chemical shift is slightly sensitive to both the protonation of the 
thread and the presence of the crown ether, the effects seem to cancel each other out 
resulting in a less dramatic chemical shift difference when compared to the chemical shift 
of the unprotonated rotaxane (Figure 5.8).
Table 5.2 -  Summary of 19F chemical shifts for capped thread (5-5) and rotaxane 
(5-4)
Compound 19F Chemical Shift
5-5a2+ -63.60
5-5b3+ -64.28
5-4a2+ -63.54
5-4b3+ -63.34
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-63.54 ppm -63.60 ppm
■N.H
H3C
5-4a‘ 5-5a'
'NH2
5-5b
C F ,
-63.34 ppm -64.28 ppm
Figure 5.8 -  Illustration showing relationship between structure and 19F chemical 
shift.
5.3.3 UV-Visible Spectroscopy
Due to the strategic positioning of the 4-pyridiniumaniline chromophore unit, the 
movement of the crown from one site to the other upon protonation/deprotonation of the 
thread is accompanied by a dramatic colour change. As a consequence of the ICT 
between the aniline nitrogen and the pyridinium nitrogen when the thread is not 
protonated, the [2]rotaxane is an intense yellow colour. Upon protonation of the aniline 
nitrogen, which triggers the crown to move to the benzylanilinium site, the ICT is 
eliminated and the intense colour disappears.
Table 5.3 summarizes the data obtained from the UV-visible spectroscopy 
experiments. The molar absorptivities (s) for 5-5a2+ in CH2CI2 and CH3CN were 
calculated to be 39,681 and 35,811 L cm"1 mol"1, respectively, with the Vax in both cases 
centered at -415 nm. These values are comparable to those found for similar 
compounds.111
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The UV-visible spectrum of the [2]rotaxane 5-4a2+ in CH2CI2 shows the ICT 
absorption band at X,max = 410 nm. (Figure 5.9) Addition of acid gives 5-4b3+ with 
elimination of the ICT, hence the ICT absorption band disappears. Similarly, the UV- 
visible spectrum of 5-4a2+ in CH3CN has ^max centered at 407 nm (Figure 5.10). Again, 
when the rotaxane is protonated to give 5-4b3+, the ICT band is eliminated. A weak 
charge transfer band, the result of interaction between the electron rich catechol rings of 
the crown ether and the electron poor pyridinium rings in the thread, should be present in 
the case where the 'H NMR shows a 3:1 population ratio {i.e. in CH3CN), however, the 
solutions are too dilute to see this interaction. The molar absorptivities of the 
chromophore in the rotaxanes in CH2CI2 and CH3CN are 28,224 and 25,342 L cm' 1 mol'1, 
respectively. Both values are slightly lower than the chromophore in the capped thread, 
thus the crown has a hypochromic effect on the chromophore. The solvent does not 
appear to have any effect on the wavelength of maximum absorption, although it does 
seem to affect the absorption coefficient. In both the capped thread and the rotaxane, the 
absorption coefficients are slightly lower in the more polar solvent, CH3CN.
Table 5.3 -  Summary of UV-vis data for 5-5a2+ capped thread and 5-4a2+ rotaxane
Compound kmax Absorbance s (L cm'1 mol'1)
5-5a2+ CH2CI2 415 0.397 39,681
5-5a2+ CH3CN 416 0.358 35,811
5-4a2+ CH2CI2 410 0.282 28,224
5-4a2+ CH3CN 407 0.253 25,342
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Rotaxane 5-4 in CH2C12 at 1.0 X 10'5 M
0.5
0.45
0.4
0.35
0.3
025Absorbance
0.2
0.15
0.1
0.06
0
300 350 400 500 550 600
Wavelength (nm)
Figure 5.9 -  UV-visible spectra of 5-4a2+ (yellow) and 5-4b3+ (black) [2]rotaxanes in 
CH2C12.
Rotaxane 5-4 in CH3CN at 1.0 X 10’5 M
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Figure 5.10- UV-visible spectra of 5-4a2+ (yellow) and 5-4b3+ (black) [2]rotaxanes in 
CH3CN.
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5.4 A c id /B a se  Sh u ttlin g  P a r t  II
At this point, it has been discussed how the [2]rotaxane system with the 
aforementioned components demonstrates true bistability and how the position of the 
crown with respect to the thread can be monitored. 'H NMR, 19F NMR and UV-visible 
spectroscopies all provide a manner in which to determine at which site the crown is 
located. Apart from these analytical techniques, the switching is also observable to the 
naked eye because of the drastic change in colour between protonated and unprotonated 
states. It has been established that in a non-polar solvent, CH2CI2, the crown resides 
exclusively at the bis(pyridinium)ethane site when the rotaxane is not protonated and 
when the rotaxane is protonated, the crown sits exclusively at the benzylanilinium site.
Part of the attractiveness of this system is that different properties can be 
incorporated fairly easily. It was of interest to further demonstrate this versatility by 
exchanging the 3,5-bistrifluoromethylbenzyl group for an anthracenyl group. The 
synthesis is exactly the same except 9-bromomethylanthracene (5-6) is used as the bulky 
group in the last step which forms the rotaxane (Scheme 5.1). Anthracene introduces the 
ability to monitor the shuttling behaviour by fluorescence spectroscopy.
5 .4 .1 1H NMR Spectroscopy
Scheme 5.3 shows the labeling system for the [2]rotaxanes 5-7a2+ and 5-7b3+. The 
]H NMR spectra for the unprotonated and protonated rotaxanes in CD3CN are shown in 
Figure 5.10. The features of these 1 IT NMR spectra are similar to those outlined for 
rotaxane 5-4. The unprotonated species 5-7a has only one set of peaks representing the 
co-conformation with the crown at the bis(pyridinium)ethane site. Similar to 5-4, the 
addition of acid to a solution of 5-7a2+ in CD3CN, produces two sets of peaks with a ratio
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of 9:1 for the crown at the benzylanilinium site over the bis(pyridinium)ethane site. 
Rotaxane 5-7 appears to be almost completely bistable even in acetonitrile. Protonation of 
the rotaxane results in downfield shifts of protons j, k, and i due to protonation of the 
aniline nitrogen and hydrogen bonding interactions with the crown ether. Protons c, d, e 
and f  shift upfield since they are no longer involved in hydrogen bonding whereas b shifts 
downfield since it is no longer involved in ^-stacking.
The spectra of 5-7a2+ and 5-7b3+ in CD2CI2 show only one set of peaks. Again, 
this implies that the shuttle is completely bistable.
Scheme 5.3 -  Labeling scheme for molecular shuttles 5-7a2+ and 5-7b3+.
a) b  1 . 2
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I II III . \\lU .
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Figure 5.11 -*H NMR spectrum of a) 5-7a2+‘ and b) 5-7b3+ in CD3CN at 500 MHz 
and 30°C.
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5.4.2 UV-Visible Spectroscopy
Table 5.4 summarizes the data and Figures 5.12 and 5.13 show the UV-visible 
spectra for rotaxanes 5-7a2+ and 5-7b3+ in CH2CI2 and CH3CN, respectively. The UV- 
visible spectra of 5-7a /5-7b show the same trends as the previous shuttle. The 
unprotonated species has a large absorption band centered on ~420 nm with large molar 
absorptivity values of 24,440 and 25,443 L cm^mol' 1 in CH2CI2 and CH3CN, 
respectively. Upon protonation of the thread, the ICT is eliminated. Without the ICT 
absorption band, three absorption maxima at 389 nm, 368 nm and 348 nm become 
apparent. These peaks are the absorption bands of the anthracene fragment which are 
masked by the ICT absorption band in the spectrum of the unprotonated species.
Table 5.4 -  Summary of UV-visible data for 5-7a2+
Compound m^ax (nm) Absorbance Molar Absoptivity (L cm 1 m ol1)
5-7a2+ (CH2CI2) 
5-7a2+ (CH3CN)
424
418
0.244
0.254
24440
25443
Rotaxane 5-7 in CH2C12 at 1.0 X 10'5 M
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Wavelength (nm)
Figure 5.12 -  UV-visible spectrum of 5-7a2+ (yellow) and 5-7b3+ (black) O Tf in 
CH2C12.
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Absorbance
Rotaxane 5-7 in CH3CN at 1.0 X 10'5 M0.5
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Figure 5.13 -  UV-visible spectrum of 5-7a2+ (yellow) and 5-7b3+ (black) O Tf in 
CH3CN.
5.4.3 Fluorescence Spectroscopy
The property that makes rotaxane 5-7 different from 5-4 is the fluorescence of the 
anthracene fragment. From the absorption spectrum, it is known that anthracene has an 
absorption maximum at -250 nm. Figures 5.14 and 5.15 depict the emission spectra of
5-7a2+ and 5-7b3+ in CH3CN and CH2CI2, respectively. Note that each spectrum has a 
sharp peak at 500 nm which is an artifact of the instrument used to record the data and 
occurs at double the excitation wavelength (250 nm). Excitation of 5-7a2+ results in a 
spectrum with stunted emission due to reductive quenching of fluorescence by the lone 
pair of electrons of the aniline nitrogen.90 Protonation eliminates the quenching by the 
lone pair resulting in enhanced fluorescence as seen in the spectrum of 5-7b3+.
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Emission Spectra of 5-7a2+ and 5-7b3+ in CH3CN 
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1200 n
1000
800-
400
200
400 500 600 700200 300
Wavelength (nm)
7 +  "i i
Figure 5.14 -  Fluorescence emission spectra of 5-7a (yellow) and 5-7b (black) in 
CH3CN at 1.0 x 10 5 M.
Emission Spectra of 5-7a2+ and 5-7b3+ in CH2C12 
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74- -^4-Figure 5.15 -  Fluorescence emission spectra of 5-7a (yellow) and 5-7b (black) in 
CH2C12 at 1.0 x 105 M.
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5.5 Su m m a r y  a n d  C o n c lusio ns
A molecular shuttle system consisting of bis(pyridinium)ethane and 
benzylanilinium recognition sites with DB24C8 as the mobile fragment has been 
described. Also incorporated into the thread portion of the rotaxane are a chromophore 
unit, 4-pyridiniumaniline, as well as, bulky stoppers that possessed spectroscopic handles 
that can be exploited in order to monitor the position of the crown on the thread. Aside 
from 'if  NMR spectroscopy, the chromophore permitted monitoring by UV-visible 
spectroscopy; the 3,5-bis(trifluoromethyl)benzyl stopper permitted monitoring by 19F 
NMR spectroscopy and the 9-methylanthracenyl stopper by fluorescence spectroscopy. 
Analysis by these methods showed that when the rotaxane is not protonated, the crown 
resides exclusively at the bis(pyridinium)ethane recognition site, regardless of the solvent. 
This is a result of only one of the two sites being viable for interaction with the crown 
ether. In contrast, protonation converts the benzylanilinium into an attractive recognition 
site, which introduces competition between recognition sites. In CH3CN, the crown 
prefers the benzylanilinium site in a 3:1 ratio for 5-4 and 9:1 for 5-7. In CH2CI2, the 
crown resides exclusively at the benzylanilinium site. This means that in the non-polar 
solvent, this rotaxane system demonstrates complete bistability. Subsequent chapters will 
further demonstrate the versatility of this system as it is modified to be incorporated into
[2]catenanes as well as to potentially form self-assembled monolayers and extended 
networks.
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5.6 E x pe r im en ta l
5.6.1 General Comments
4-(4,4,5,5-Tetramethyl-l,3,2-dioxaborolan-2-yl)aniline, 4-bromopyridine hydrochloride, 
sodium carbonate, 9-methanolanthracene and phosphorus tribromide were purchased 
from Aldrich and used as received. Fluorescence-emission data were collected on a Cary 
Eclipse Fluorescence Spectrophotometer. Emission spectra were recorded using EM 
Science OmniSolv® High Purity Solvents.
5.6.2 Synthesis o f Compound 5-1
11^This compound was synthesized according to a literature procedure. 4-(4,4,5,5- 
Tetramethyl-l,3,2-dioxaborolan-2-yl)aniline (5.00 g, 2.28 x 10' mol), 4-bromopyridine 
hydrochloride (4.44 g, 2.28 x 10'2 mol) and sodium carbonate (12.10 g, 1.14 x 10' 1 mol) 
were dissolved in DMF (200 mL) and H2O (100 mL) and degassed with nitrogen for 2 
hours. Tetrakis(triphenylphosphine)palladium(0) (1.32 g, 1.14 x 1 O'4 mol) was added and 
the solution degassed for an additional hour. The reaction was refluxed for 24 hours and 
subsequently cooled to room temperature. The DMF and H2O were removed by rotary 
evaporation. The resulting residue was dissolved in CH2CI2 (100 mL) and washed with 
H2O (3 x 100 mL). The CH2CI2 was dried with MgSCL, filtered and concentrated. 5-1 
precipitated from CH2CI2 as a pure pale yellow powder. (1.15 g, 80%)
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b e  d e
Table 5.5 -  *H NMR of 5-1 in CDC13. MW = 170.205 g/mol
Proton 5 (ppm) Multiplicity # Protons /(H z)
a 3.88 br s 2 —
b 6.76 d 2 3/ bc = 8.42
c 7.49 d 2 V cb = 8.42
d 7.44 d 2 3Jde = 6.08
e 8.57 d 2 Ved = 6.08
Table 5.6 - 'H NMR of 5-1 in CD3CN.
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 4.43 br s 2 —
b 6.73 d 2 Vbc -  8.43
c 7.52 d 2 3/ cb = 8.43
d 7.50 d 2 3/de = 5.76
e 8.50 d 2 3/ed = 5.76
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
[2]Rotaxane Molecular Shuttles 200
5.6.3 Synthesis o f  Com pound 5-2+
Compound 5-1 (1.00 g, 5.88 x 10'3 mol) was refluxed in 1,2-dibromoethane (40 
mL) and ethanol (20 mL) for 6 hours. The precipitate that formed was collected by 
vacuum filtration, was stirred in CH2CI2 and filtered affording a yellow solid as the 
bromide salt. (0.921 g, 44 %) The bromide salt was anion exchanged to the triflate salt by 
dissolving the solid in H2O, warming the solution and adding NaOTf. The solution was 
cooled and the yellow crystals were collected by vacuum filtration. (1.05 g, 96 %)
b e  d e
g
Table 5.7 -  lU NMR of [5-2] [Br] in D20 . MWBr- = 358.073 g/mol
Proton 5 (ppm) Multiplicity # Protons J  (Hz)
a — — 2 -
b 6.81 d 2 3Jb c = 8.69
c 7.71 d 2 Vcb = 8.69
d 8.03 d 2 II 6.86
e 8.50 d 2 Ve d = 6.86
f 4.76 t 2 3Jfg= 5.70
g 3.83 t 2
IICO 5.70
Table 5.8 - *H NMR of [5-■2][OTf] in CD3CN. MWoTf- =  427 .233 g/mol
Proton 8 (ppm) Multiplicity # Protons J  (Hz)
a 5.12 br s 2 —
b 6.79 d 2
00II0
co
c 7.78 d 2
i>0011m
d 8.08 d 2 3J de = 6.89
e 8.42 d 2 3Jed = 6.89
f 4.74 t 2 3Jfg = 5.88
g 3.89 t 2 3Jgf = 5.88
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5.6.4 Synthesis of C om pound 5-3
[5-2] [OTf] (0.635 g, 1.49 x 10'3 mol) and 3,5-lutidine (0.239 g, 2.23 x 10'3 mol) 
were dissolved in acetonitrile (25 mL) and refluxed for 24 hours. The precipitate that 
formed was isolated by vacuum filtration and washed with CH2CI2. This yielded the 
product as a yellow solid as the bromide salt. (0.150 g, 21 %) The bromide salt was anion 
exchanged to the triflate salt by dissolving the solid in H2O, warming the solution and 
adding NaOTf. The solution was cooled and the yellow crystals collected by vacuum 
filtration.
b e  d e
Table 5.9 -  *H NMR of [5-3][Br]2 in D20 . MWBr. = 465.022 g/mol
Proton 5 (ppm) Multiplicity # Protons /(H z)
a — — 2 —
b 6.80 d 2 3Jbc = 8.76
c 7.71 d 2 3Jcb = 8.76
d 8.01 d 2 3Jde = 7.02
e 8.27 d 2 3 Jed = 7.02
f 5.04 t 2 3Jfg = 5.72
g 4.98 t 2 3Jgf = 5.72
h 8.31 s 2 —
i 8.18 s 1 —
j 2.30 s 6 —
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
[2]Rotaxane Molecular Shuttles 202
Table 5.10 -  'H NMR of [5-3][OTl]2 in CD3CN. MWOTf- = 603.540 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z )
a 5.18 br s 2 —
b 6.80 d 2 Vbe = 8.80
c 7.79 d 2 3Jcb = 8.80
d 8.06 d 2 3/de = 7.12
e 8.30 d 2 3/ed = 7.12
f 4.96 m 2 —
g 4.90 m 2 —
h 8.36 s 2 —
i 8.22 s 1 —
j 2.45 s 6 —
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5.6.5 Synthesis o f Compound 5-42+ and 5-52+
[5-3] [Br] (0.200 g, 4.30 x 10'4 mol), DB24C8 (0.964 g, 2.14 x 10'3 mol) and 3,5- 
bis(trifluoromethyl)benzyl bromide (0.0660 g, 2.15 x 10'4 mol) were dissolved in a two 
layer CH3N 0 2 (10 mL) and H20  (5 mL) solution to which NaOTf (0.150 g, 8.60 x 10'4 
mol) was added and stirred at room temperature for 7 days. The CH3N 02 layer was 
separated from the H20  layer, washed several times with water and dried with MgSC>4. 
The CH3N 0 2 was evaporated and the residue washed several times with toluene to 
eliminate excess 3,5-bis(trifluoromethyl)benzyl bromide and DB24C8. The rotaxane was 
further purified by column chromatography on silica gel using 7:2:1 MeOH: 2M NH4CI: 
MeN02 as the eluent. The isolated solid was dissolved in CH3N 02 and NaOTf added. The 
resulting solid was then washed with water numerous times. The product was isolated as 
a yellow solid. (Rf=0.82, 0.0700 g, 25.5 %) ESI-MS: m/z [5-4a - O T ff calc. 1128.3721, 
found 1128.3763. The capped thread was also isolated from the column. It was dissolved 
in CH3N 02 and NaOTf added. The resulting solid was then washed with water numerous 
times and the product was isolated as a yellow solid. (Rf = 0.64, 0.0200 g, 7%) ESI-MS: 
m/z [5-5a - OTf]+ calc. 680.1624, found 680.1634.
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Table 5.11 -  ‘H NMR of [5-4][OTfl2 in CD3CN. MWOTf- = 1278.180 g/mol
Proton 5 (ppm) Multiplicity # Protons J  (Hz)
a 2.15 s 6 —
b 7.59 s 1 —
c 8.55 s 2 —
d 5.33 m 2 —
e 5.26 m 2 —
f 8.80 d 2 3Jfg = 7.01
g 7.84 d 2 3Jgf = 7.01
h 7.58 d 2 3Jhi = 8.72
i 6.71 d 2 3J ih = 8.72
j 6.13 t 1 Vjk = 6.13
k 4.63 d 2 3Jkj = 6.13
1 7.97 s 2 —
m 7.93 s 1 —
1-2 6.71 m 8 —
3-5 3.85-4.03 m 24 —
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Table 5.12 -  *H NMR of [5-5][OTfl2 in CD3CN. MWOTf- = 829.673 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z )
a 2.44 s 6 —
b 8.21 s 1 —
c 8.37 s 2 —
d 4.95 t 2 3/d e  = 5.46
e 4.91 t 2 3Jed  = 5.46
f 8.32 d 2 3Jfg  = 7.04
g 8.06 d 2 3J gf = 7.04
h 7.81 d 2 3Jhi = 8.86
i 6.78 d 2 3/ ih = 8.86
j 6.21 br s 1 —
k 4.62 d 2 3/kj = 5.21
1 7.95 s 2 —
m 7.92 s 1 —
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Table 5.13 -  ’H NMR of [5-5][OTfj3 in CD3CN. MWOTf. = 829.673 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z )
a 2.46 s 6 —
b 8.24 s 1 —
c 8.38 s 2 —
d 5.01 t 2 3/ de = 6.37
e 5.10 t 2 3/ e d = 6.37
f 8.67 d 2 3J fg = 6.85
g 8.30 d 2 3J gf = 6.85
h 8.05 d 2 3Jhi = 8.66
i 7.68 d 2 3/a, = 8.66
j 9.51 br s 2 —
k 4.83 s 2 --
1 8.02 s 2 —
m 8.10 s 1 —
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5.6.6 Synthesis o f Compound 5-6
This compound was synthesized according to a literature procedure.113' 115 
9-Methanolanthracene (2.00 g, 0.00960 mol) was dissolved in dry THF in a 3-necked 
flask, under nitrogen and at 0°C. Phosphorus tribromide (1.95 g, 0.677 mL, 0.0072 mol) 
was added dropwise using a glass syringe needle. The reaction was stirred at 0°C for 2 
hours. The solvent was evaporated using a rotary evaporator and the resulting residue 
recrystallized from CHCI3 . This yielded 9-bromomethylanthracene (5-6) as a yellow 
crystalline solid. (0.861 g, 33 %)
a b
Br
Table 5.14 -  *H NMR of [5-6] in CD3CN. MW = 271.152 g/mol
Proton 5 (ppm) Multiplicity # Protons /(H z)
a 8.61 s 1 —
b 8.11 d 2 3Jbc = 8.00
c 7.55 dd 2 3Jcb = 8.00,3Jcd = 7.14
d 7.68 ddd 2 3Jdc = 7.14,3Jde = 8.87 4J db =1.12
e 8.37 d 2 3Jed = 8.87
f 5.66 s 2 —
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5.6.7 Synthesis o f Compound 5-7
[5-3][Br] (0.240 g, 5.16 x 10'4 mol), DB24C8 (1.16 g, 2.58 x 10’3 mol) and 
compound 5-6 (0.0700 g, 2.58 x 10"4 mol) were dissolved in a two layer CH3NO2 (10 
mL) and H2O (5 mL) solution to which NaOTf (0.300 g, 1.74 x 10‘3 mol) was added and 
stirred at room temperature for 7 days. The CH3NO2 layer was separated from the water 
layer, washed several times with water and dried with MgS04 . The nitromethane was 
evaporated and the residue washed several times with toluene to remove excess 9- 
bromomethylanthracene (5-6) and DB24C8. The rotaxane was further purified by column 
chromatography on silica get using 7:2:1 CH3OH: 2M NH4CI: CH3NO2 as the eluent. The 
isolated solid was dissolved in CH3NO2 and NaOTf added. The resulting solid was then 
washed with water numerous times and the product was isolated as a yellow solid. (Rf = 
0.81, 0.0850 g, 26%) ESI-MS: m/z [5-7a-= - OTf]+ calc. 1092.4286, found 1092.4282.
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Table 5.15 -  'H NMR of [5-7][OTfl2 in CD3CN. MWOTf- = 1242.301 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 2.16 s 6 —
b 7.59 s 1 —
c 8.57 s 2 —
d 5.36 m 2 —
e 5.28 m 2 —
f 8.80 d 2 Vfg = 6.94
g 7.88 d 2 3/ gf =6.94
h 7.69 d 2 3Jhi = 8.64
i 6.95 d 2 3J ih -  8.64
j 5.59 t 1 Vjk = 4.07
k 5.33 br s 2 3/kj = 4.07
1 8.14 d 2 3/lm =8.51
m 7.61 ddd 2 Vml = 8.51.3Jran = 4/ mo=1.09
6.97,
n 7.56 dd 2 Vno = 8.01,3/nm = 6.97
0 8.33 d 2 Von = 8.01
P 8.63 s 1 —
1-2 6.76 br s 8 —
3-5 3.79-4.06 m 24 —
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CHAPTER 6
[2]Catenane Circumrotational Shuttle
6.1 In t r o d u c t io n
Previously in the Loeb group, a [3]catenane was synthesized with DB24C8 
macrocyclic rings, l,2-bis(4,4'-dipyridinium)ethane recognition threads and terphenyl 
units as the linking spacer groups. It was determined that the presence of the crown ether 
templated the formation of the [3]catenane by forming a host-guest adduct between the
[3]catenane and an external crown ether.45
In Chapter 4, the structural similarities between the bis(pyridinium)ethane and 
benzylanilinium recognition motif were established in terms of their similarities in size 
and shape and the anti conformation at the two atom bridge between the aromatic rings. 
Thus, knowing that the benzylanilinium recognition site is similar in dimension to the 
bis(pyridinium)ethane, it seemed reasonable that both recognition sites could be 
incorporated into a new catenane in a similar fashion to the original [3]catenane described 
above. Although the previous [3]catenane was synthesized using a one-step, self- 
assembly procedure, a catenane with different recognition sites would require a stepwise 
approach. In addition, the goal herein was to synthesize a [2] catenane capable of 
performing as a molecular switch (Figure 6.1). It would function in a similar manner to 
and show properties comparable to the [2]rotaxane molecular shuttles described in 
Chapter 5. This would be an example of a circumrotational molecular machine, for which 
there are very few known examples.34
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State 0 State 1
Figure 6.1 -  Illustration of a [2] catenane molecular switch.
6.2 Sy n th esis  a nd  St r u c tu r a l  Ch a r a c te r iza t io n
6.2.1 Synthesis
Synthesis of the [2]catenane requires eight steps overall: two to make the 
terphenyl linker (6-4), two for the benzylanilinium site (6-2), two for the 
bis(dipyridinium)ethane site (2-22+) and two for the actual assembly of the catenane 
(6-6a6+). The complete synthesis is outlined in Scheme 6.1. The synthesis of 
bis(dipyridinium)ethane (2-22+) was described in Chapter 2. To insert the benzylanilinium 
site into the catenane, it must be substituted at the 4-position of the benzyl and anilinium 
aromatic rings with pyridyl substituents so that it has a structure similar to that of the 
bis(4,4’-dipyridinium)ethane site. The lengths of these two components from terminal 
nitrogen to terminal nitrogen, as measured from model structures constructed and 
minimized using the MM2 method (CAChe version 6.1.12), are 18.11 A for the 
bis(dipyridinium)ethane thread (2-22+) and 18.09 A for the benzylanilinium thread (6-2). 
Thus, in size and shape the proposed new benzylanilinium thread should be a good fit for 
the catenane.
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The first step in forming the benzylanilinium site was an Sn2 reaction between 4- 
bromobenzylbromide and 4-bromoaniline. Next, the isolated product 6-1 was reacted 
under Suzuki coupling conditions with two equivalents of 4-pyridylboronic acid to give 
6-2. The 4, 4''-bis(bromomethyl)-l,l',3',r'-terphenyl linker (6-4) was synthesized step­
wise by a lithiation of 1,3-dichlorobenzene, followed by reaction with j^-tolylmagnesium 
bromide to give 4,4'r-dimethyl-l,r3',T'-terphenyl (6-3). The dimethylterphenyl 6-3 was 
then brominated using jV-bromosuccinimide and benzoyl peroxide in CCI4 to give 6-4.
Once these components were synthesized, the catenane was assembled in two 
subsequent steps. First [2-2][OTf]2 was reacted with ten equivalents of the 
bis(bromomethyl)terphenyl linker 6-4 in CH3CN to afford 6-54+ in 69% yield. A large 
excess of the linker was used to ensure that both pyridyl ends of the thread were 
alkylated. The next step involved [2]pseudorotaxane formation between [6-5][OTf]4 and 
DB24C8 followed by ring closure using the second thread 6-2. The reaction was 
performed under dilute conditions to favour ring formation so that the pyridyl ends of one 
6-2 molecule react only with the two ends of a single [6-5][OTf]4cDB24C8. For this 
reason ten equivalents of crown ether are used to drive the equilibrium to favour 
pseudorotaxane formation despite the dilute conditions. To isolate the [2]catenane, the 
CH3CN reaction solvent was evaporated and the residue suspended in toluene to dissolve 
the excess crown ether. The residue that did not dissolve was filtered using vacuum 
filtration and the isolated solid subjected to column chromatography on silica gel using a 
5:3:2 mixture of CH3OH: 2M NHUCl^q): CH3NO2 as the eluent. Fractions containing the 
product (Rf = 0.66) were combined and anion exchanged to the triflate salt.
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DB24C8
Scheme 6.1 -  Synthesis of [2]catenane 6-6
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6.2.2 NMR Spectroscopy
Assignments for protons in catenane 6-6afi+ follow the numbering scheme outlined 
in Figure 6.2. Figure 6.3 shows the partial *H NMR spectrum of 6-6a6+ in CD3CN. The 
resonances are assigned based on COSY NMR spectroscopy as well as comparison 
to [H NMR and COSY spectra of individual components 6-2 and 6-54+ and model 
compound 6-72+. Comparison of proton shifts n - y of 6-6a6+ with 6-54+ shows typical 
DB24C8 interactions with the bis(pyridinium)ethane site. The ethylene protons s and t 
shift downfield from 5.30 ppm (6-54+) to 5.56 ppm (6-6a6+) due to hydrogen bonding 
interactions with the crown ether. Similar downfield shifts due to hydrogen bonding occur 
for u and r, the ortho inner pyridinium protons, from 9.04 ppm (6-54+) to 9.31 ppm 
(6-6a6+). Aromatic ^-stacking interactions induce upfield shifts for protons p, q, v and w 
from -8.48 ppm (6-54+) to -8.20 ppm (6-6afi+). Protons o, x, n and y do not shift because 
the crown ether does not extend far enough to interact with these protons. In contrast, the 
chemical shifts for protons a - d and I - L on the benzylanilinium thread portion of 6-6a6+ 
do not shift significantly when compared to model compound 6-72+. This implies that in 
the unprotonated state, in an identical fashion to the molecular shuttles described in 
Chapter 5, the crown ether resides exclusively on the bis(pyridinium)ethane site of the 
catenane in CD3CN. Table 6.1 summarizes the chemical shift differences between the
[2]catenane 6-6a6+ and model compounds 6-54+ and 6-72+.
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Figure 6.2 -  Proton assignments for 6 -6 a6+.
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Figure 6.3 -  1H NM R spectrum of 6 -6 a6+ in CD3CN.
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Table 6.1 -  Summary of chemical shift comparisons between 6-6a6+ and model 
compounds 6-54+ and 6-72+
Proton(s) 8 6-54+ (ppm) 8 6-6ae+ (ppm)
ny 5.90 5.90
ox 9.05 9.03
pw 8.47 8.19
qv 8.50 8.22
ru 9.04 9.31
st 5.30 5.56
Proton(s) 8 6-72+ (ppm) 8 6-6a6+ (ppm)
H 5.70 5.74
I 8.72 8.76
J 8.23 8.22
K 7.89 7.87
L 7.60 7.58
M 4.57 4.48
N 6.11 5.87
a 6.78 6.79
b 7.77 7.78
c 8.03 8.04
d 8.45 8.49
e 5.54 5.59
6.2.3 Mass Spectrometry
The molecular weight of [6-6a][OTfj6 is 2533.4409 g/mol and its exact mass is 
2531.4990 g/mol. A sample of [6-6a][OTf]6 was analyzed in a solution of 1:1 
methanol :acetonitrile and the spectra for the 2+, 3+, 4+ and 5+ molecular ions are shown 
in Figure 6.4. Sufficient resolution for each of the charged molecular ions allowed for 
exact mass measurements for these ions to within 5 ppm of calculated exact masses, 
confirming that [6-6a][OTf]6 was isolated. Table 6.2 summarizes these values. The 
spectra show the typical splitting patterns for multiply charged species. Figure 6.4a shows 
the m/z peak split into two peaks within one mass unit for the 2+ species, Figure 6.4b the
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m/z peak is split into three peaks for the 3+ species, Figure 6.4c shows it split into four 
peaks for the 4+ species and Figure 6.4d shows it split into five peaks for the 5+ species.
1117.8632
1117.4447
1118.4055
m/z
1120
695.2134
694.8959
695.!
695.8976
695 696 697694
484.1648
C) 1001
483.9202
484.4197
484.6848
485 486484
357.5809
d) 100i
357.3795
357.7824
357.9752
m/z
358
Figure 6.4 -  ESI-Mass spectra of experimental data for a) 6-6a2+, b) 6-6a3+, c) 6-6a4+, 
d) 6-6a5+.
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Table 6.2 -  Calculated and found exact masses for compound [6-6a][OTf](,.
Molecular Ion Calculated m/z (g/mol)
Experimental m/z 
(g/mol) A (ppm)
6-6a2+ 1116.7969 1116.7972 0.3
6-6a3+ 694.8804 694.8835 4.5
6-6a4+ 483.9222 483.9246 5.0
6-6a5+ 357.3472 357.3465 2.0
6.3 A cid /B ase  Sh uttling
6.3.1 NMR Spectroscopy
Figure 6.5 illustrates the 'H NMR spectra of non-protonated 6-6a6+ and protonated 
6-6b7+ in CD3CN at room temperature. Earlier analysis of 6-6ae+ indicated that DB24C8 
resides exclusively at the bis(pyridinium)ethane site. Addition of one equivalent of 
trifluoromethansulfonic acid to a solution of the [2]catenane, protonates the aniline 
nitrogen producing a second viable recognition site for the crown ether. The molecular 
shuttles discussed in the previous chapter demonstrated incomplete bias of recognition 
sites when they are dissolved in CD3CN, but bistability in CD2CI2. The catenane is 
insoluble in CH2CI2 precluding studies from being carried out in this solvent. Integration 
of the crown ether aromatic protons of 2 and 2', where the “prime” indicates 
complexation between DB24C8 and the benzylanilinium site, indicates that there is a 5:1 
complexation ratio of DB24C8 with the bis(pyridinium)ethane site over the 
benzylanilinium site. These results are contrary to those of the molecular shuttles where 
the protonated benzylanilinium site was preferred in ratios of 3:1 (5-4b3+) and 9:1 
(5-7b3+).
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Figure 6.5 -  1H NMR spectra of a) non-protonated (6 -6 a6+) and b) protonated
(6 -6 b7+) in CD3CN at room temperature.
6.3.2 [2]Pseudorotaxane Model Compound Study
To understand why the ratio of DB24C8 complexation with benzylanilinium 
site:bis(pyridinium)ethane site is inverted compared to the [2]rotaxane molecular shuttles
1 -1.
discussed in the Chapter 5, model compounds 6-7a and 6-7b were studied. It is 
noteworthy that unprotonated 6-7a2+ and DB24C8 do not form a pseudorotaxane in 
CD3CN (Figure 6.6). Since the unprotonated 6-7a2+ cannot form a pseudorotaxane 
complex with DB24C8, even though it is a 2+ charged species, this implies that during 
catenane synthesis the reacting species, 6-2 , which is neutral, cannot form a
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pseudorotaxane either. This has important implications for synthesis, as it ensures that the
[3]catenane will not be formed.
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Figure 6.6 -  1H NMR spectra in CD3CN of a) unprotonated model compound 6-7a2+
and b) a mixture of unprotonated model compound 6-7a2* and DB24C8
Protonation of the model compound 6-7a2+ with trifluoromethansulfonic acid 
generates 6-7b3+. The 'H NMR spectrum of a 1:1 solution in CD3CN of 6-7b3+ and 
DB24C8 (Figure 6.7b), exhibits three sets of peaks: one for pseudorotaxane one for 
uncomplexed thread and one for uncomplexed crown ether. Integration of the benzyl CH2  
protons, iuc and ic, gives a 3:2 ratio of uncomplexed to complexed. The Kassoc for the 
interaction of protonated 6-7b3+ with DB24C8, determined by the single point method, is 
-600 M'1. In comparison, the association constant for benzylated
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1 ISbis(dipyridinium)ethane, the model compound for the other site, is ~1000 M' . Since the 
association of DB24C8 with the bis(pyridinium)ethane site model compound is stronger 
(1000 M"1) than association of DB24C8 with the benzylanilinium site model compound
6-7b3+ (600 M'1), it makes sense that the complexation ratio in the [2]catenane favours 
DB24C8 with the bis(pyridinium)ethane site over the benzylanilinium site.
a-c,
'UtiUVJ
9 8 7 6 5
Figure 6.7 -  'H NMR spectra in CD3CN at 2.0 x 10'3 M of a) protonated model 
compound 6-7b3+ and b) a mixture of protonated model compound 6-7b3+ and 
DB24C8.
6.3.3 UV-Visible Spectroscopy
The UV-visible spectra of 6 -6 a6+ and 6 -6 b7+, shown in Figure 6.8, were obtained 
using 2.0 x 10'5 M solutions in CH3CN. The molar absorptivity (s) of 6 -6 a6+ was
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calculated to be 22,680 L mol'1 cm' 1 with ^max at 412 nm. As previously noted with the 
[2]rotaxane molecular shuttles, the large absorption is due to the intramolecular charge 
transfer between the aniline nitrogen and pyridinium nitrogen on the benzylanilinium 
recognition site. Protonation of the aniline nitrogen removes the ICT, eliminating the 
absorption band centered at 412 nm. Although the crown ether is not switched completely 
between the two sites upon protonation/deprotonation, the colour and absorption still 
indicate the position of the crown. When the catenane solution absorbs strongly (deep 
yellow/orange solution), the crown resides on the bis(pyridinium)ethane site and when the 
catenane does not absorb in the UV-visible region (colourless solution), the crown ether is 
shuttling back and forth between the two sites.
Absorption Spectra o f  6-6a6+ and 6-6b7+
0 .8  i
0.7
0.6 -
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Absorbance 0.4
0 .3 -
0 . 2
450 500 550 600300 350 400
Wavelength (nm)
Figure 6 .8  -  UV-visible spectra of 2.0 x 10'5 M CH3CN solutions of non-protonated 
6 -6 af (yellow) and protonated 6 -6 b7+ (black).
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6 .4  Su m m a r y  a n d  C o n c l u s io n s
In this chapter, a two station circumrotational [2]catenane has been described and 
analyzed. The system consists of two different recognition sites, a bis(pyridinium)ethane 
site and a benzylanilinium site, for the DB24C8 macrocycle to occupy. Addition of acid 
activates the benzylanilinium site allowing the ring to shuttle between the two recognition 
sites. It was found that DB24C8 prefers the bis(pyridinium)ethane site over the 
protonated benzylanilinium site in a ratio of 5:1. A comparison of binding associations 
between DB24C8 and model compounds for the two recognition sites verify that the ring 
has a stronger affinity for the bis(pyridinium)ethane recognition site. To improve this 
system, increasing the solubility of the catenane in non-polar solvents such as CH2CI2, 
may enhance the hydrogen bonding interactions between the benzylanilinium site and 
DB24C8. Furthermore, modifying the system so that the ring can only move in one 
direction, clockwise or counterclockwise, would also be of interest.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
[2]Catenane Circumrotational Shuttle 224
6 .5  E x p e r im e n t a l
6.5.1 General Comments
4-Bromobenzyl bromide, 4-bromoaniline, 4-pyridylboronic acid, 1,3- 
dichlorobenzene, /7-tolylmagnesium bromide, M-butyllithium and iV-bromosuccinimide 
were purchased from Aldrich and used as received. Benzoyl peroxide was purchased 
from Acros and used as received.
6.5.2 Synthesis o f Compound 6-1
4-bromobenzyl bromide (5.0 g, 0.0200 mol) and 4-bromoaniline (6.88 g, 0.0400 
mol) were dissolved in CH 3 C N  (50 mL) and heated to reflux for 30 minutes. The 
resulting precipitate was filtered and discarded. The solvent was removed and the 
resulting solid was purified by column chromatography (SiC>2, dry column) using a 1:1 
CHCbrhexanes mixture as the eluent. Like fractions were combined and evaporated to 
yield 6-1 as a white powder. (Rf = 0.58, 6.21 g, 91%).
a b
Bi­
el
Table 6.3 -  lH NMR of 6-1 in CD3CN. MW = 341.0411 g/mol
Proton 8  (ppm) Multiplicity # Protons /(H z)
a 7.47 d 2 3/ ab = 8.37
b 7.27 d 2 3/ ba=8.37
c 4.26 d 2 3Jcd = 6.07
d 5.09 br s 1 —
e 6.51 d 2 3Jef=8.84
f 7.19 d 2 3Jfe = 8.84
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6.5.3 Synthesis o f Compound 6-2
DMF (250 mL) and H2O (100 mL) were added to a 500 ml round bottom Schlenk 
flask and degassed with nitrogen for 2 hours. To this, 6-2 (1.11 g, 0.00325 mol), 4-pyridyl 
boronic acid (1.00 g, 0.00814 mol) and Na2CC>3 (2.07 g, 0.195 mol) were added and the 
solution degassed for an additional hour. [Pd(PPh3)4] (0.188 g, 1.63 x 10'4 mol) was 
added and the solution degassed for an additional half an hour. The reaction was refluxed 
for 5 days and the progress monitored using 'H NMR spectroscopy. After 5 days, the 
reaction was cooled to room temperature and the solvents were evaporated. The residue 
was dissolved in CH2CI2 and washed with H2O. The CH2CI2 layer was dried with MgSC>4, 
filtered and concentrated. The product precipitated as a pale yellow powder which was 
collected by filtration. The filtrate was evaporated and the residue was subjected to 
column chromatography (SiC>2, 1% MeOH in CHCI3 as the eluent.) More product was 
isolated (Rf = 0.13). The product was recrystallized from acetone. (0.800 g, 73%)
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a b c d
f
Table 6.4 -  'll NMR of 6-2 in CD3CN. MW = 337.417g/mol
Proton 8  (ppm) Multiplicity # Protons 7  (Hz)
a 8.60 d 2 V ab = 6.08
b 7.59 d 2 37ba = 6.08
c 8.48 d 2 Vcd = 6.16
d 7.49 d 2 V dc = 6.16
e 4.46 d 2 3Jef= 6 .20
f 5.41 brt 1 Vfe = 6.20
g 6.73 d 2 3Jgh = 8.70
h 7.54 d 2 3Jhg = 8.70
i 7.51 d 2
OO00IIkS
j 7.71 d 2 3Jji = 8.18
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6.5.4 Synthesis o f Compound 6-3
This compound was prepared according to a modified literature procedure.116 1,3- 
Dichlorobenzene (14.7 g, 11.4 mL, 0.100 mol) was dissolved in dry THF (250 mL) in a
3-necked round bottom flask under N2 atmosphere and equipped with a low temperature 
thermometer. The solution was cooled to -70°C using a hexane/liquid nitrogen low 
temperature bath. To this, n-butyllithium (2.5 M, 40.0 mL, 0.100 mol) was added 
dropwise over 30 minutes using a syringe. This was stirred at -70°C for two hours at 
which time a white slurry solution was formed. To this slurry, /j-tolylmagnesium bromide 
(39.1 g, 1.0 M, 0.200 L, 0.200 mol) was added dropwise while keeping the reaction at - 
70°C. Once all of the Grignard reagent was added, the solution was warmed to room 
temperature and stirred for an additional 48 hours. The reaction was quenched with dilute 
HCl(aq) and the product extracted with diethyl ether. The combined organic portions were 
washed twice with H2O. The product was recrystallized from isopropanol as a white 
crystalline solid (18.1 g, 77%).
e
h 3C' c h 3
Table 6.5 -  'H NMR of 6-3 in CD3CN. MW = 258.357 g/mol
Proton 8 (ppm) Multiplicity # Protons J(H z)
a 2.38 s 6 --
b 7.29 d 4 V bc = 8.05
c 7.61 d 4 3Jcb = 8.05
d 7.58 d 2 Vde = 7.30
e 7.50 t 1 3Je d = 7.30
f 7.84 s 1 ■■
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6.5.5 Synthesis o f Compound 6-4
This compound was synthesized according to a modified literature procedure.116 
6-3 (5.00 g, 0.0194 mol), iV-bromosuccinimide (7.58 g, 0.0426 mol) and benzoyl peroxide 
(0.047 g, 1.94 x 10'4 mol) were dissolved in CCI4 (150 mL). The reaction was heated to 
reflux for 72 hours. The precipitate that formed was filtered off and discarded. The CCI4 
filtrate was washed with H2O three times and then dried with MgSC>4. The CCI4 was 
evaporated and the resulting solid recrystallized from ethanol. The isolated solid was 
purified by column chromatography (Si02 gel) using 9:1 hexanes:CHCl3 as the eluent. 
Like fractions were combined and evaporated to yield 6-4 as a white crystalline solid. 
(3.25 g, 40%, Rf = 0.30)
e
a
Br Br
Table 6.6 -  *H NMR of 6-4 in CD3CN. MW = 416.149 g/mol
Proton 8 (ppm) Multiplicity #  Protons /(H z)
a 4.66 s 4 --
b 7.54 d 4 3/b c  = 8.16
c 7.72 d 4 3 J Cb = 8.16
d 7.65 d 2 3/de = 7.70
e 7.56 t 1 3 J ed =  7.70
f 7.91 s 1 ""
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6.5.6 Synthesis of Compound 6-54+
[2-2][OTf]2 (0.400 g, 6.26 x KT4 mol) and 6-4 (2.61 g, 6.26 x 10'3 mol) were 
dissolved in CH3CN (75 mL) and stirred at room temperature for seven days. The 
precipitate was filtered, collected and stirred in CH2CI2 for 20 minutes and filtered to 
eliminate excess 6-4. The precipitate was anion exchanged to the triflate salt in a two 
layer CH3N02/Na0Tf(aq) solution. The layers were separated and the CH3NO2 layer 
washed with H2O and then dried using MgSCL. The CH3NO2 was evaporated and 6-54+ 
was isolated as a pale yellow solid. (0.700 g, 69%). ESI-MS: m/z [6-5 - OTf]+ calc. 
1457.1119, found 1457.1144.
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k 1 m n
e
Br
Br
Table 6.7 -  'H NMR of [6-5][OTf)4 in CD3CN. MWOTf. = 1609.188 g/mol
Proton 6 (ppm) Multiplicity # Protons J  (Hz)
a 4.66 s 4 —
b 7.54 d 4 3Jbc = 8.18
c 7.71 d 4 3Jcb = 8.18
d 7.68 d 2 Vde = 7.86
e 7.57 t 2 3 Jed = 7 .86 ,3Jef = 8.05
f 7.67 d 2 3Jfe = 8.05
g 7.91 s 2 —
h 7.86 d 4 3Jhi= 8.23
i 7.62 d 4 3Jih= 8.23
j 5.89 s 4 --
k 9.05 d 4 3Jk) = 6.90
1 8.47 d 4 3Jik = 6.90
m 8.50 d 4 3Jmn = 6.86
n 9.04 d 4 3Jnm = 6.86
0 5.30 s 4 —
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6.5.7 Synthesis o f Compound 6-6a6+
[6-5][OTf]4 (0.155 g, 9.63 x 10'5 mol) and DB24C8 (0.432 g, 9.63 x lO^ 4 mol) 
were dissolved in a two phase CH3NO2/H2O mixture and stirred at room temperature for 
30 minutes to allow pseudorotaxane formation. 6-2 (0.0330 g, 9.63 x 10'5 mol) was then 
added along with NaOTf (0.0330 g, 1.93 x 10'4 mol) and the reaction stirred at room 
temperature for 21 days. The water layer was separated, and the CH3NO2 evaporated. 
The resulting residue was washed three times with CH2CI2 to remove excess DB24C8. 
The precipitate from CH2CI2 was filtered using vacuum filtration and subjected to column 
chromatography on silica gel using a 5:3:2 mixture of CH3OH: 2M NH4CI: CH3NO2 as 
the eluent. Fractions containing the product were combined and the solvents evaporated. 
The residue was dissolved in a two layer CH3N02/Na0 Tf (aq) solution to anion exchange 
the catenane to the triflate salt. The H2O layer was eliminated and the CH3NO2 layer was 
washed several times with H2O to extract the NH4CI salts. The layers were separated and 
the CH3NO2 layer was dried using MgSC>4. The CH3NO2 was evaporated to yield 6-6a6+ 
as a yellow-orange solid. (Rf = 0.66, 0.030 g, 12%). ESI-MS: m/z [6-6a - 20Tf]2+ calc. 
1116.7969, found 1116.7969.
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1 2 3 4 5
N a b c d
Table 6.8 -  'H NMR of [6-6] [OXf]6 in CD3CN. MWOTf- = 2533.441 g/mol
Proton 8 (ppm) Multiplicity # Protons J  (Hz)
a 6.79 d 2 V ab = 8.74
b 7.78 d 2 V ba = 8.74
c 8.04 d 2 3 Jed = 6.91
d 8.49 d 2 Vdc = 6.91
e 5.59 s 2 —
f 7.51 d 2 Vfg = 8.36
g 7.80 d 2 3«/gf = 8.36
h 7.70-7.74 d 1 —
i 7.62 dd 1 —
j 7.70-7.74 d 1 —
k 7.83 s 1 —
1 7.87 d 2 Vim = 8.23
m 7.64 d 2 V ml = 8.23
n 5.90 s 2 —
0 9.03 d 2 Vop = 6.75
P 8.19 d 2 Vpo = 6.75
q 8.22 d 2 Vqr = 6.72
r 9.31 d 2 Vrq = 6.72
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s 5.56 s 2 —
t 5.56 s 2 —
u 9.31 d 2 3JUV = 6.72
V 8.22 d 2 3JVU = 6.72
w 8.19 d 2 3-Avx = 6.75
X 9.03 d 2 Vxw = 6.75
y 5.90 s 2 —
z 7.64 d 2 3Jza = 8.23
A 7.87 d 2 3J az = 8.23
B 7.70-7.74 d 1 —
C 7.62 dd 1 —
D 7.70-7.74 d 1 —
E 7.83 s 1 —
F 7.77 d 2 3J f g  =  8.61
G 7.55 d 2 3J g f  =  8.61
H 5.74 s 2 —
I 8.76 d 2 Vu = 6.79
J 8.22 d 2 Vji = 6.79
K 7.87 d 2 Vkl = 8.22
L 7.58 d 2 Vlk = 8.22
M 4.48 d 2 3A in ~ 5.57
N 5.87 t 1 3*^nm = 5.57
1 6.62 m 4 *7ortho = 5.83, Jmeta — 3.58,
2 6.33 m 4 •Tortho = 5.83, t7meta — 3.58,
3-5 3.99-4.04 m 24 —
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6.5.8 Synthesis o f Compound 6-7a2+
6-2 (0.050 g, 1.48 x 10'4 mol) and benzyl bromide (0.101 g, 0.070 mL, 5.93 x 10'4 
mol) were dissolved in CH3CN (25 mL) and stirred at room temperature for three days. 
The precipitate was collected by filtration and washed with CH2CI2. The product was 
anion exchanged to the triflate salt by dissolving the precipitate in H2O and adding 
NaOTf. 6-7a2+ was isolated by vacuum filtration as a yellow solid. (0.045 g, 37 %) ESI- 
MS: m/z [6-7a - O T ff calc. 668.2189, found 668.2204.
r
m
b
a
Table 6.9 -  lH NMR of [6-7] [OTf] in CD3CN. MWOTf- = 817.816 g/mol
Proton 8 (ppm) Multiplicity # Protons J  (Hz)
a-c 7.40-7.49 m 5 —
d 5.70 s 2 —
e 8.72 d 2 3Je f = 6 . 8 2
f 8.23 d 2 3Jfe = 6.82
g 7.89 d 2 Vgh = 8.28
h 7.60 d 2 3Jhg = 8.28
i 4.57 d 2 3Jij = 6.11
j 6.11 t 1 Vji = 6.11
k 6.78 d 2 3Jk, -  8.82
1 7.77 d 2 3Jik = 8.82
m 8.03 d 2 Vmn = 7.12
n 8.45 d 2 Vnm = 7.12
0 5.54 s 2 —
p-r 7.40-7.49 m 5 —
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CHAPTER 7
Towards [2]Rotaxane Functional Materials
7.1 In t r o d u c t io n
For the most part, the molecular motions of interlocked chemical systems that 
have been presented in this thesis have been investigated in solution, where molecules are 
dispersed randomly. In order for molecular motors and machines to be coupled to the 
macroscopic world, they must be organized so that they can perform in a cooperative 
manner. It has been suggested that this could be accomplished by organizing the 
molecules 1) at an interface, 2) on surfaces, 3) within membranes or 4) in crystalline 
lattices. Whatever the scenario, it is important that the interlocked components maintain 
their dynamic movement. To date, most endeavors are only in the initial stages and 
scientists are just beginning to understand their true capabilities and potential.
7.2 Fu t u r e  D ir e c t io n s  of Stu d y
7.2.1 Surface Studies
Self-assembled monolayers (SAMs) consist of a single layer of molecules 
adsorbed onto a surface. The most widely studied systems are thiolate compounds 
adsorbed onto gold substrates. SAMs are particularly attractive because of their ease of
117preparation from a dilute solution of the adsorbate onto a clean metal surface. The 
surface properties of SAMs are defined by the molecular structure of the monolayer. One 
particular interfacial property that is relatively easy to study is the wetting behaviour of
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the surface. Using a contact angle goniometer, the advancing and receding contact angles 
of water (or some other liquid) with the surface are measured. When water is the testing 
liquid, a large contact angle, usually between 70 and 90°, indicates a hydrophobic surface; 
a small contact angle, usually between 10 and 30°, indicates a hydrophilic surface.
Although there are few studies of [2]rotaxanes on surfaces, there is evidence of 
mechanical shuttling in condensed monolayers.118,119 Figure 7.1 describes an approach to 
controlling the wettability of a surface using bistable rotaxanes as SAMs. The molecular 
shuttles depicted possess two recognition sites, represented by the blue sphere and the 
yellow oval, which the macrocycle can occupy. The macrocycle can be modified by the 
addition of functional groups, denoted by the bright green lobes. The exposed portion of 
the shuttle is represented by a green box. Each of these features can be adapted to affect 
the properties of the surface. The main focus of this system is to show that the switching 
of the macrocycle from one site to the other has a direct effect on the wettability of the 
surface. For instance, if the exposed capping group on the rotaxane is a perfluorinated 
fragment, this would impose extreme hydrophobic properties on the surface. If the 
macrocycle is substituted with hydroxyl groups and is located at the blue sphere, hence is 
‘buried’ in the monolayer, the hydrophobic properties of the capping group would prevail. 
External perturbation of the shuttle, changing the yellow oval to a black oval, would 
cause the macrocycle to shift to the oval site, hence exposing the hydroxyl groups, 
thereby making the surface hydrophilic. Contact angle measurements could be used to 
verify the change in hydrophobicity and hydrophilicity.
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Figure 7.1 -  Controlling the wettability of a surface using SAMs of rotaxanes
7.2.2 M ORF’s
Metal organic rotaxane frameworks (MOi?Fs) are a subclass of metal organic 
frameworks (MOFs), a term coined by Yaghi.120 MOFs are a class of porous materials 
consisting of a scaffold composed of organic linkers between metal atoms. The voids that 
are created within the scaffold have been shown to have useful storage capabilities for 
gases, such as methane and hydrogen, due to the extremely large surface area of the 
pores. MOi?Fs are similar to MOFs with the exceptional difference being that the organic 
linkers are rotaxanes instead of just simple organic compounds. Only two well defined 
MOi?F systems are known: diaminoalkane/cucurbituril polyrotaxanes by K. Kim121 and 
l,2-bis(4,4'-dipyridyl)ethane/DB24C8 polyrotaxanes from the Loeb group.49 The Loeb 
motif has been used to generate 1-, 2- and 3-dimensional frameworks using a variety of 
metals ranging from transition metals such as Cu(II), Co(II), Cd(II) and Ni(II), to 
lanthanide metals, such as Eu(III), Sm(III) and Yb(III). One advantage to using rotaxanes
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as the organic linkers is the potential for fine-tuning that may be achieved by simple 
supramolecular modification. In other words, the properties of the MOi?F may be 
modified simply by exchanging the wheel component used in the self-assembly process. 
This is reminiscent of the approach described above for changing the properties of a 
surface through controllable switching of self-assembled monolayers.
7.3 Pr o g r e ss  M a d e  to  th is  E nd
7.3.1 Surface Studies
The cartoons in Figure 7.2 are schematic representations of the compound 7-7a . 
The blue sphere represents the bis(pyridinium)ethane site, the yellow oval is the 
benzylanilinium site, the green box represents the capping group that is exposed at the 
surface, the red circle is the crown ether, the bright green lobes on the red circle represent 
groups that could be incorporated onto the aromatic rings of the crown ether, the grey 
sphere represents the metal atom used to combine the rotaxane with the surface linker, 
which is represented by the orange chain. Once again, the versatility of this rotaxane 
system is demonstrated. The rotaxane that has been synthesized has an anthracene 
capping group, however, any benzyl bromide should, in theory, be easily exchanged for 
the anthracene which could directly affect the surface properties of the SAM. 
Furthermore, any crown ether can be used that may impose different properties to the 
system under study. CAChe simulations of model compounds suggest that a chain of 
three atoms off the four position of the benzo aromatic ring of the crown ether should be 
sufficient to surpass the capping group and be exposed at the surface.
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IVi i f
Figure 7.2 -  Cartoon schematic of rotaxanes 7-7a2+ and 7-7b3+.
4'-Aryl-2,2',6',2"-terpyridines have been incorporated into the thread to act as a 
stopper and to provide a means of attaching the rotaxane to a surface linker. This design 
allows for any rotaxane synthesized with a terpyridine stopper to be incorporated into a 
monolayer, while using the same surface linker. Keeping the surface linker constant 
removes any ambiguity concerning the integrity of the monolayer/gold interface.
The surface linker, 4'-acetylthiobenzyl-2,2',6',2''-terpyridine (7-5) is considered a 
protected thiol. There is evidence that a thioacetate is capable of forming self-assembled 
monolayers on gold surfaces.122 There is also contrasting evidence that it is not 
capable.123
There are two methods by which self-assembled monolayers of rotaxane 7-7 on 
a gold surface may be formed. The first would be to build the SAMs in a layer by layer
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approach.124,125 In this method, compound 7-5 would be adsorbed onto a gold substrate 
(Figure 7.3a), followed by addition of a metal whose coordination sphere would be filled
by loosely coordinated solvent molecules (Figure 7.3b). Last would be the addition of
'2+rotaxane 7-7 which would replace the labile solvent molecules and coordinate to the 
metal (Figure 7.3c).
b)
vjU
Figure 7.3 -  Layer by layer approach to monolayer formation.
The second method would involve first coordinating the surface linker and the 
rotaxane to a metal, then making a monolayer of the intact molecular assembly.
Thickness, composition and structure are the three basic properties that 
characterize SAMs. Each property can be probed using different techniques: thickness by 
ellipsometry and X-ray photoelectron spectroscopy (XPS), composition by XPS and 
reflection absorption infrared spectroscopy (RAIRS), structure by RAIRS, contact angle 
goniometry, XPS, ellipsometry, AFM and SEM. Both methods for forming SAMS
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outlined above would first be tested using model compound 7-2 (Scheme 7.1). Several 
different methods for analyzing and characterizing the monolayers would be used, 
including RAIRS and contact angle measurements. Compound 7-2 makes an ideal model 
compound because it should provide a signature strong IR stretch vibration band for the 
carbonyl and it should give low contact angles with H2O as the testing liquid drop. The 
surface linker 7-5 would lose its thioacetate carbonyl stretch vibration or its S-H stretch 
vibration, thus the absence of a strong band at 1690 cm-1 or 2550 cm'1 would be used as 
an indication of monolayer formation. Addition of a metal might be identified by a 
change in contact angle, or a strong UV-visible absorption band from metal-to-ligand 
charge transfer. Presence of 7-2 would be indicated by a strong IR absorption band at 
~1700 cm'1 for the carbonyl stretch vibration.
7.3.2 MORFs
One of the major challenges for this chemistry is to construct solid state materials 
that contain mechanically switchable components. Using the [2]rotaxane molecular 
shuttles, such as 7-82+, for constructing MORFs would incorporate such a switch. The 
prospect of the shuttling motion would provide an extra impact to these materials. 
Another feature that makes this system different from the MORFs reported thus far, is 
that the organic linker is a permanently interlocked [2]rotaxane. Unlike the scenario 
where the organic linkers are initially [2]pseudorotaxanes, having intact [2]rotaxanes 
means that the conditions required for chelation to a metal center should not interfere with 
the integrity of the mechanical linkage.
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7.4 Sy n th esis  a nd  Str uc tu r a l  C h a r a c te r iza t io n
7.4.1 Synthesis
Synthesis and isolation of [2]rotaxane molecular shuttles 7-72+ and 7-82+ were 
performed in much the same way as the [2]rotaxanes described in Chapter 5. Scheme 7.1 
outlines the synthetic methodology. The rotaxanes described in this chapter are 4'-aryl- 
2,2',6',2''-terpyridine based. 4'-Substituted 2,2',6',2"-terpyridines were synthesized using 
a Krohnke condensation between 2-acetyl pyridine and the corresponding aldehyde in the 
presence of a base, followed by addition of ammonium acetate.126'128 This methodology 
was used to generate compounds 7-1 -  7-3. Compound 7-3 was used in a subsequent 
reaction to synthesize the corresponding benzyl bromide (7-4) by reaction with NBS in 
the presence of benzoyl peroxide. Compound 7-5 was obtained by a simple substitution 
reaction of 7-4 with potassium thioacetate. The pre-thread (7-62+) was produced by 
reacting 7-1 with [5-2][OTf] in refluxing propionitrile. Assembling of the [2]rotaxanes 7- 
72+ and 7-82+ was accomplished by reaction of 7-62+ with excess DB24C8, to form the 
corresponding [2]pseudorotaxane, followed by addition of either 5-6 or 7-4 as the capping 
reagent. Preparative TLC was used to isolate the rotaxanes using 5:3:2 CH30H:2M 
NH4C1:CH3N02 as the eluent.
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Scheme 7.1 -  Synthetic scheme for [2] rotaxanes molecular shuttles.
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7.4.2 1H NMR Spectroscopy
Both rotaxanes were characterized by 'H NMR spectroscopy and 2-D ’H-'H 
COSY spectroscopy experiments. Figures 7.4 and 7.5 describe the labeling of the protons 
and show the *H NMR spectra for rotaxanes 7-22+ and 7-82+, respectively. Capped threads 
are not available, but the proton shifts can be compared to the pre-thread 7-6 and the 
respective cap compounds 5-6 and 7-4. The rotaxanes show similar trends to those 
observed for the rotaxanes described in Chapter 5 and the catenane in Chapter 6. The 
ethylene protons, h and i, as well as the ortho pyridinium protons, g and j, shift downfield 
as a result of hydrogen bonding interactions between these protons and the oxygen atoms 
of the crown ether. Protons f and k shift upfield due to 7t-stacking interactions. The 
chemical shifts corresponding to the protons on the cap fragment in the rotaxanes do not 
change significantly compared to the shifts of the same protons in the free cap 
compounds.
— .— ■— ,— ,— ,— ,— .— .— ■— .— .— .— |— .— , . .— .— ,— .— . , | . ■ ■ ■ • ■ ■ . ■ | ■ ■ ■ ■“
9  8  V  6
Figure 7.4 -  *H NMR spectrum of 7-72+ in CD3CN at 500 MHz and 30°C.
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Figure 7.5 -  'H NMR spectrum of 7-82+ in CD3CN at 500 MHz and 30°C.
7.4.3 Infrared Spectroscopy
The IR spectra of compounds 7-2 and 7-5 were recorded since the solution IR 
spectra will be compared to the surface RAIRS spectra of the monolayers. The IR 
spectrum of 7-2 (Figure 7.6) shows a typical strong carbonyl stretch vibration band from 
the carboxylic acid at 1705 cm'1. Similarly, the IR spectrum of 7-5 (Figure 7.7) has a 
strong carbonyl stretch vibration band from the thioacetate at 1681 cm'1.
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Figure 7.6 -  IR spectrum of 7-2.
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Figure 7.7 -  IR spectrum of 7-5.
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7.5 Su m m a r y  and  C o n c lusio n s
Two different experimental approaches to the synthesis of functional materials 
have been described. Both methodologies make use of simple modifications of pre­
existing systems to change the properties of the materials. However, many issues need to 
be addressed and studied.
For the surface chemistry, one might ask: does the position of the benzylanilinium 
site make a difference? Will the benzylaniline site be easily protonated and deprotonated 
by a simple rinsing of the surface with acid or base solutions? Can the position of the 
bis(pyridinium)ethane and benzylanilinium sites be exchanged and the switching of the 
crown ether still occur? How dense can the monolayers be without affecting the 
movement of the macrocycle between sites? Can the rotaxane assemblies be diluted with 
another adsorbate and still influence the properties of the surface? Will the position of the 
shuttle be able to affect the properties of the surface?
For the solid state MORFs-based materials there are still some fundamental 
questions that need to be answered. How can the number of counterions be reduced? How 
can the stability of the solid be increased so that a MORF can be evacuated and activated 
without decomposition of the crystalline lattice? How can interpenetration of networks be 
avoided? How can the porosity of the material be maximized to allow for “freedom” of 
motion? How can the motion be monitored and controlled without the need for diffusion 
of a chemical reactant into and out of the porous material?
It is possible that the answers to these and other important questions could lead to 
the future development of molecular motors and machines relevant to our macroscopic 
world.
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7.6 E x pe r im e n ta l
7.6.1 General Comments
4-Pyridinecarboxaldehyde, 4-carboxybenzaldehyde, 4-tolualdehyde, 2-acetylpyridine and 
ammonium acetate were purchased from Aldrich and used as received. IR spectra were 
recorded on a Bruker -Equinox -  Infrared Microscopy and Mapping instrument.
7.6.2 Synthesis o f 7-1
4-Pyridinecarboxaldehyde (12.4 g, 10.9 mL, 0.103 mol) was dissolved in ethanol 
(40 mL) and cooled to 0°C. To this was added 2-acetylpyridine (25.0 g, 23.2 mL, 0.207 
mol) dissolved in ethanol (20 mL) and 40% aqueous solution of NaOH (30 mL). The 
mixture was stirred at -10°C for an additional hour then allowed to warm to room 
temperature and stirred overnight. Ammonium acetate (40.0 g, 0.516 mol) was added 
directly to the reaction mixture and refluxed for 24 hours. The reaction was cooled to 
room temperature and placed in the freezer for 24 hours. The precipitate that formed was 
filtered and recrystallized from CH3CN. (3.15 g, 10 %)
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Table 7.1 -  lU  NMR of 7-1 in CD3CN. MW = 310.352 g/mol
Proton 8 (ppm) Multiplicity # Protons J  (Hz)
a 8.74 d 2 V ab = 4.78
b 7.46 ddd 2 3Jba = 4.78,3Jbc = 7.66, 
V bd = 0.98
c 7.98 ddd 2
3Jcd = 7.88,3Jcb = 7.66, 
V ca= 1.78
d 8.71 d 2 V dc = 7.88
e 8.79 s 2 —
f 7.83 d 2 •^ ortho ~ 6.10, i/meta — 1.64
S 8.76 d 2 •Tortho ~ 6.10, r^neta — 1.64
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7.6.3 Synthesis of 7-2
4-Carboxybenzaldehyde (15.5 g, 0.103 mol) was dissolved in methanol (40 mL) 
and cooled to 0°C. To this was added 2-acetylpyridine (25.0 g, 23.2 mL, 0.207 mol) 
dissolved in methanol (20 mL) and 40% aqueous solution of NaOH (30 mL). The 
mixture was stirred at -10°C for an additional hour then allowed to warm to room 
temperature and stirred overnight. Ammonium acetate (40.0 g, 0.516 mol) was added 
directly to the reaction mixture and refluxed for 24 hours. The reaction was cooled to 
room temperature and the solution was acidified with 1.0 M HCl(aq) to pH = 6 . The 
precipitate that formed was filtered and the residue dissolved in hot MeOH. The hot 
MeOH solution was filtered and the precipitate collected was identified as the desired 
product (0.470 g, 1.29 %).
b a
c
OH
Table 7.2 -  ’i l  NMR of 7-2 in DMSO-d6. MW = 353.374 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 8.75 d 2 3/ ab = 5.53
b 7.52 ddd 2 3/ ba= 5.53,3/ bc = 6.93,
c 8.03 ddd 2
3J cd = 7.46,3Jcb = 6.93, 
4/ ca= 1.62
d 8.67 d 2 3J dc = 7.46
e 8.75 s 2 —
f 8.04 d 2 3Jfg = 8.24
g 8.12 d 2 3J gf = 8.24
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7.6.4 Synthesis of 7-3
4-Tolualdehyde (12.6 g, 12.4 mL, 0.105 mol) was dissolved in methanol (40 mL) 
and cooled to 0°C. To this was added 2-acetylpyridine (25.4 g, 23.5 mL, 0.209 mol) 
dissolved in methanol (20 mL) and 40% aqueous solution of NaOH (30 mL). The mixture 
was stirred at -10°C for an additional hour then allowed to warm to room temperature and 
stirred overnight. CH3CO2NH4 (40.0 g, 0.516 mol) was added to the reaction mixture 
which was then refluxed for 24 hours. The reaction was cooled to room temperature and 
the methanol evaporated. The product was extracted with CHCI3, then the CHCI3 was 
dried with MgSC>4, filtered and evaporated. The residue was recrystallized from CH3CN 
to yield 7-3 as an off-white powder (11.26 g, 33 %).
b a
c
CH
Table 7.3 - 'H NMR of 7-3 in CD3CN. MW = 323.390 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 8.73 d 2 3/ ab = 5.75
b 7.44 ddd 2 Vba = 5.75,3Jbc = 7.52, 
Vbd = 0.79
c 7.96 ddd 2 Vcd
= 7.82,3/ cb = 7.52, 
Vca = 1.67
d 8.68 d 2 3J dc = 7.82
e 8.73 s 2 —
f 7.81 d 2 3/ fg = 8.07
g 7.40 d 2 3Jgf = 8.07
h 2.43 s 3 —
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7.6.5 Synthesis of 7-4
Compound 7-3 (3.23 g, 0.0100 mol) was dissolved in CCI4 (200 mL). To this solution 
was added jV-bromosuccinimide (2.14 g, 0.0120 mol) and benzoyl peroxide (0.0242 g,
1.00 x 10'4 mol) and the reaction solution refluxed for five hours, then cooled to room 
temperature and stirred overnight. The reaction was filtered to remove succinimde and 
then the CCI4 organic layer was washed with NaHC03(aq) (2 x 100 mL) then H2O (2 x 
100 mL), dried with MgS04, filtered and then evaporated on a rotary evaporator to give
b a
c
Br
an off-white powder (1.39 g, 35 %).
Table 7.4 -  ‘H NMR of 7-4 in CD3CN. MW = 402.287 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z)
a 8.73 d 2 3/ a b  = 4.96
b 7.45 dd 2 3Jba = 4.96,3Jbc = 7.41
c 7.97 ddd 2
3/ cb = 7.41,3/ cd = 7.81, 
Vca=L62
d 8.69 d 2 3/dc= 7.81
e 8.75 s 2 —
f 7.90 d 2 3/ fg = 8.20
g 7.63 d 2 3Jgf = 8.20
h 4.69 s 2 —
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7.6.6 Synthesis of 7-5
7-4 (1.00 g, 2.47 x 10'3 mol) and potassium thioacetate (0.400 g, 3.50 x 10'3 mol) 
were dissolved in acetone (75 mL) and refluxed for six hours. The reaction was cooled to 
room temperature and the solvent evaporated. The residue was dissolved in CH2CI2 and 
washed with H2O (3 x 50 mL). The CH2CI2 layer was dried using MgS04 , filtered and 
evaporated to yield a pale brown powder. (0.893 g, 90%)
b a
c
Table 7.5 - XH NMR of 7-5 in CD3CN. MW = 397.492 g/mol
Proton 5 (ppm) Multiplicity # Protons J  (Hz)
a 8.72 d 2 3Jab = 5.34
b 7.44 ddd 2
v ba= 5.34,3Jbc = 7.58, 
3Jbd = 0.91
c 7.96 ddd 2 Vcd
= 7.88,3./cb = 7.58, 
V ca=1.72
d 8.68 d 2 3Jdc = 7.88
e 8.73 s 2 —
f 7.85 d 2 3Jfg = 8.21
g 7.50 d 2
<NOOII
h 4.20 s 2 —
i 2.36 s 3 —
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7.6.7 Synthesis of 7-62+
Compound 7-1 (1.96 g, 0.00632 mol) and [5-2][OTf] were dissolved in 
propionitrile and refluxed for 7 days. The precipitate that formed was filtered while the 
solution was still hot. This yielded [7-6] [Br]2 as a pale yellow solid. (0.520 g, 37 %) The 
product was anion exchanged by dissolving the bromide salt in H2O and adding NaOTf. 
[7-6][OTf]2 precipitated and was collected by vacuum filtration. (0.597 g, 95%)
b a
c
NH
Table 7.6 -  ‘h  NMR of [7-6][Br]2 in D20 . MWBr- = 668.424 g/mol
Proton 8 (ppm) Multiplicity # Protons /(H z )
a 8.67 d 2 3/ ab = 4.82
b 7.82 dd 2 Vba = 4 .82 ,3Jbc= 7.46
c 8.06 ddd 2
Vcb = 7.46,3JCd = 
Vca=1.42
7.83,
d 8.40 d 2 3/ dc = 7.83
e 8.58 s 2 —
f 8.57 d 2 3/ fg = 6.68
g 8.98 d 2 3Jgf = 6.68
h 5.36 t 2 3Jhi =  5.99
i 5.20 t 2 3/ ih = 5.99
j 8.50 d 2 3Jjk = 6.92
k 8.15 d 2 3Jkj = 6.92
1 7.82 d 2 3*/im = 8.54
m 6.88 d 2 3/ml = 8.54
n — — 2 —
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Table 7.7 - ’H NMR of [7-6][OTfj2 in CD3CN. MW0Tf- = 806.754 g/mol
Proton 8 (ppm) Multiplicity # Protons J  (Hz)
a 8.75 d 2 3Jab = 6.47
b 7.51 dd 2 3Jba = 6 .4 7 ,3Jbc = 7.06
c 7.97 dd 2 Vcb = 7 .0 6 ,3Jcd = 7.38,
d 8.74 d 2 3Jdc = 7.38
e 8.89 s 2
f 8.52 d 2 3Jfg = 5.89
g 8.75 d 2 3Jgf = 5.89
h 5.13 t 2 3Jbi = 6.13
i 4.97 t 2 3./jh = 6.13
j 8.31 d 2 3Jjk = 7.03
k 8.08 d 2 3Jkj = 7.03
1 7.81 d 2 3Jim = 8.78
m 6.81 d 2 3Jm i = 8.78
n 5.19 br s 2
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7.6.8 Synthesis of 7-72+
Compound [7-6][Br]2 (0.300 g, 4.49 x 10"4 mol), DB24C8 (1.01 g, 2.24 x 10'3 
mol) and 5-6 (0.0610 g, 2.24 x 10'4 mol) were dissolved in a two phase mixture of 
CH3NO2 and H2O. To this, two equivalents of NaOTf (0.150 g, 8.72 x 10'4 mol) were 
added and the reaction mixture stirred at room temperature for seven days. The CH3NO2 
layer was separated from the H2O layer, washed with H2O ( 2 x 5  mL), dried with MgSC>4 
and evaporated. The residue was dissolved in CH2CI2 and the precipitate filtered. The 
precipitate was adsorbed onto a preparative TLC sheet and developed using 5:3:2 
CH30H:2M NH4CI: CH3NO2 as the eluent. The product was isolated from the band with 
Rf = 0.82 (0.110 g, 34%). ESI-MS: m/z [7-7 - O T ff calc. 1295.4770, found 1295.4808.
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q r
Table 7.8 -  'H  NMR of [7-7][OTfl2 in CD3CN. MWOTf- = 1445.500 g/mol
Proton 5 (ppm) Multiplicity # Protons /(H z)
a 8.82 d 2 3 J ab = 5.95
b 7.53 dd 2 Vba = 5.95, 3J bc = 6.55
c 8.03 dd 2 3./cb= 6 .5 5 ,3Jcd = 7.20,
d 8.73 d 2 3Jdc = 7.20
e 8.51 s 2 —
f 8.04 d 2 3Jfg -  6.50
g 9.19 d 2 3Jgf= 6.50
h 5.54 m 2 —
i 5.42 m 2 —
j 8.80 d 2 3Jjk = 6.88
k 7.90 d 2
OOOO\6li
1 7.70 d 2 3/lm =8.70
m 6.96 d 2 3/ml = 8.70
n 5.62 t 1 3/„o = 4.20
0 5.35 d 2 3/on = 4.20
P 8.15 d 2 3Jpq = 8.85
q 7.61 dd 2 3Jqp = 8.85
r 7.57 dd 2 3Jrs = 8.29
s 8.33 d 2 3Jsr = 8.29
t 8.64 s 1 —
1 6.71 m 4 —
2 6.62 m 4 —
3-5 3.96-4.13 m 24 —
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
Towards [2]Rotaxane Functional Materials 258
7.6.9 Synthesis of 7-82+
Compound [7-6][OTfh (0.241 g, 2.99 x 10'4 mol), DB24C8 (1.34 g, 2.99 x 10‘3 
mol) and 7-5 (0.120 g, 2.99 x 10'4 mol) were dissolved in a two phase mixture of 
CH3NO2 and H2O. To this, two equivalents of NaOTf (0.103 g, 5.98 x 10'4 mol) were 
added and the reaction mixture stirred at room temperature for seven days. The CH3NO2 
layer was separated from the H2O layer, washed with H2O ( 2 x 5  mL), dried with MgS04 
and evaporated. The residue was dissolved in CH2CI2 and the precipitate filtered. The 
precipitate was adsorbed onto a preparative TLC sheet and developed using 5:3:2 
CH30H:2M NH4CI: CH3NO2 as the eluent. The product was isolated from the band with 
Rf = 0.78 (0.0800 g, 17%). ESI-MS: m/z [7-8 - O T ff calc. 1426.5253, found 1426.5309.
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Table 7.9 - ‘H NMR of [7-8] [OTf]2 in CD3CN. MW0Tf- = 1576.635 g/mol
Proton 5 (ppm) Multiplicity # Protons /(H z)
a 8.81 d 2 3Jab = 4.74
b 7.53 dd 2 V ba = 4 .7 4 ,3Jbc = 7.40
c 8.03 dd 2
V cb := 7.40, V cd = 7.77,
4/ ca= 1.66
d 8.72 d 2 V dc = 7.77
e 8.50 s 2 —
f 8.03 d 2 3Jfg = 6.64
g 9.17 d 2 3Jgf = 6.64
h 5.51 m 2 --
i 5.39 m 2 --
j 8.77 d 2 3Jjk = 6.88
k 7.83 d 2
OOOOvdII
1 7.60 d 2 Vim = 8.74
m 6.81 d 2 Vm, = 8.74
n 6.09 t 1 3/ no = 6.08
o 4.59 br s 2 Von = 6.08
P 7.60 d 2 Vpq = 8.73
q -7 .96 br d 2 Vqp = 8.73
r -8 .73 br s 2 --
s -8 .73 br d 2 —
t -7 .96 br dd 2 —
u 7.45 br dd 2 —
V -8 .73 br d 2 —
1 6.67 m 4 . . .
2 6.57 m 4 —
3-5 3.92-4.12 m 24 —
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